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This  document  reports  results  of  laboratory  experiments  carried  out  during  the  sectmd 
fully  funded  year  of  a  3-year  project  entitled  "Geochemical,  Genetic,  and  Physiological 
Ctxitrol  of  Pollutant  Biodegradation"  (a  six  month  no  cost  extension  period  was  sandwiched 
between  years  1  and  2).  For  a  detailed  literamre  review,  project  description  and  statement  of 
work,  the  reader  is  referred  to  the  original  proposal  in  its  entirety. 

1.1.  Protect  Motivation  and  Goals: 

A  slightly  modified  version  of  the  Abstract  from  the  proposal  that  originally  defined 
this  project  appears  below.  This  synopsis  is  the  most  efficient  way  to  familiarize  the 
reader  with  project  motivations  and  goals. 

Abstract 

(from  original  proposal,  9/91) 

The  proposed  research  was  designed  to  utilize  a  combination  of  laboratory  and  field 
studies  to  identify  physical,  chemical,  genetic,  and  physiological  influences  that  govern 
the  accumulation  and  biodegradation  of  polycyclic  aromatic  hydrocarbons  (PAHs).  These 
and  related  compounds  are  among  the  chemicals  whose  environmental  fate  has  been 
targeted  by  the  U.S.  Air  Force  Bioenvironmental  Research  Program.  We  have  conducted 
a  prior,  independent  smdy  that  has  shown  that,  despite  the  presence  of  PAH  mineralizing 
microorganisms,  PAHs  persist  at  a  site  where  freshwater  sediments  are  fed  by  PAH- 
contaminated  groundwater.  Hypotheses  to  be  tested  address  fundamental  mechanisms  for 
the  persistence  of  environmental  pollutants,  these  include:  (1)  the  rate  of  delivery  meets 
or  exceeds  the  rate  of  biodegradation;  (2)  the  PAHs  are  not  available  to  microbial 
populations  due  to  sorption  onto  the  sediment  orgaruc  matter,  complexation  reactitxis 
with  dissolved  organic  carbon,  or  due  to  the  physical  arrangement  of  the  sediment  matrix 
which  prevents  contact  between  PAHs  and  microorgarusms;  (3)  the  microorganisms  may 
be  physiologically  limited  by  the  presence  of  preferred  metabolic  substrates  or  toxic  or 
inhibitory  substances,  or  by  the  lack  of  proper  final  electron  accqrtors,  electron  donors, 
OT  inorganic  or  organic  nutrients;  and  (4)  PAHs  may  persist  simply  due  to  restricted 
distribution  and  abundance  of  biodegradation  genes  in  naturally  occurring  microbial 
populations.  By  working  in  an  iterative  manner  between  field  observations  and 
conuolled  laboratray  determinatitms,  we  intend  to  systematically  test  the  above 
hypotheses  and  thus  identify  ccmstraints  on  microbiological  processes  that  mineralize 
PAHs  (naphthalene  and  phenanthrene)  at  the  field  site. 


The  Synopsis,  below,  is  taken  from  p.  26  of  the  first  Technical  Report  for  this  project 
(30  September  1991  -  29  September  1992).  This  Summary  appears  here  in  order  to  give 
the  reader  an  appreciation  of  the  significance  and  rationale  for  new  experimental  results 
reported  in  this  volume. 

Sym2csis 

This  project  has  merged  three  research  areas  (field  geochemistry,  microbiology,  and 
sorption  chemistry)  in  order  to  understand  the  biogeochemistry  of  PAH  ctnnpounds  in  a 
contaminated  field  site.  Although  one  year  of  research  effort  has  not  explained  why 
biodegradable  PAHs  anomalously  persist  at  our  field  study  site,  substantial  progress 
toward  testing  the  relevant  hypotheses  has  been  made. 

~  Lack  of  naphthalene  metabolism  is  caused  neither  by  the  absence  of  microbial 
metabolic  capabilities,  nutrient  iimitadon,  nor  the  presence  of  toxins  in  site  samples. 

-  Soipdon  of  PAHs  has  been  found  to  affect  their  bioavailability,  hence 
biodegradadon,  in  complex  and  varying  ways. 

•  The  nodon  that  duradon  of  sorpdon  contact  dme  completely  governs  PAH 
metabolism  is  simplisdc.  Under  same  circumstances  mimralizadon  of  naphthalene 
does  seem  to  be  inversely  prc^xndanal  to  sorpdon  contaa  dme.  But  this 
relationship  is  demonstrable  with  only  certain  microbiological  populations.  Thus, 
the  idiosyncrasies  and  diversities  of  microbial  metabolism  are  probably  the  key  in 
understanding  the  sorption/bioavailabiliQr  hypotheses.  The  size  of  the  ncmsorbed 
ntqrhthalene  pool  also  seems  to  be  a  significant  influence. 

•  When  the  Sorption/Bioavailabili^r  hypothesis  was  tested  with  phenanthrene,  the 
type  of  sorbent  emerged  as  a  critical  influence:  regardless  of  inoculum  source,  no 
mineralization  was  observed  when  seep  sediment  (high  in  organic  matter)  was 
sorbent.  In  contrast,  when  sand  was  the  sorbent  (low  in  organic  matter) 
mineralization  did  occur. 

-  Under  anaerobic  conditions  favoring  methano^ns  and  sulfate  reducers,  no 
naphthalene  metabolism  occurred  during  a  16  day  experiment  When  oxygen  and 
nitrate  were  supplied  to  the  same  sediments  and  microbial  pqrulations,  rapid 
naphthalene  mineralization  occurred.  Thus,  simple  oxygen  and  nitrate  limitatitm  has 
onerged  as  one  of  the  most  probable  causes  for  PAH  persistence  at  the  field  site.  The . 
presence  of  n^hthalene  mineralizing  denitrifiers  at  this  sim,  if  ctMifirmed,  qrens  up  a 
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broad  aita  of  physiological  and  genetic  investigations  comparing  individual  aerobic 
and  denitrifying  bacteria. 

1.3  Synopsis  of  Progress  from  Second  (6  month  no-cost  extension)  Period 

During  the  second  period  of  the  project  (6-month  no-cost  extension  of  Year  1), 
weather  precluded  field  work.  Instead  of  visiting  the  site,  measurements  were  performed 
on  site-derived  samples.  Key  areas  of  progress  were: 

-  Isolation  and  characterization  of  a  phenanthrene  metabolizing  bacterium  whose  behavior 
to  sorbed  phenanthrene  mimics  that  of  mixed  populations  in  site-derived  sediment 
samples. 

-  Discovery  that  mixed  populations  from  the  field-site  sediments  vary  in  their  abilities 
towards  metabolize  sorbed  phenanthrene,  depending  on  sediment  type  and  how  the 
sediments  were  handled.  Even  phenanthrene  sorbed  to  the  organic-rich  seep  sediment 
can  be  metabolized.  Thus,  the  role  of  physiological  diversity  in  PAH  metabolism  has 
been  con&med  and  extended. 

-  InitiatitMi  of  an  approach  to  measure  PAH  metabolism  by  two  independent  analytical 
methods.  This  was  designed  to  compare  the  fate  of  freshly-added  and  long-sorbed 
naphthalene.  The  insights  promised  by  this  type  of  experiment  are  very  significant, 
but  the  details  of  PAH  extraction  and  analysis  procedures  need  to  be  improved  before 
success  is  achieved. 

-  Establishment  of  serum-bottle-HPLC-based  procedures  for  smdying  anaerobic 
metabolism  of  naphthalene.  Results  show  that  naphthalene  mass  balances  can  be 
assembled  and  that  no  denitrifying  naphthalene  metabolism  could  be  detected. 
However,  a  clear  oxygen  limitatitm  was  demonstrated 

2.0  PROCEDURES  AND  RESULTS 
2.1  Overview 

During  the  12  month  period  that  has  passed  since  the  last  progress  report,  a  variety  of 
procedures  for  measuring  microbial  metabolism  of  PAHs,  and  for  measuring  PAH 
sorption  reactions  have  been  designed  and  implemented. 

As  is  evident  from  the  Table  of  Contents  for  this  Repon,  progress  in  five  areas  have 
been  made. 

1.  The  field  site-derived  phenanthiene-metabolizing  bacterium,  Sphingomonas 
paudmobilis  RSPl  (described  briefly  in  the  second  report),  has  been  further 
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characterized.  The  background  physiological  data  presented  here  provide  a  sound 
foundation  for  future  work  aimed  at  understanding  relationships  between  the  fate  of 
PAHs  and  the  properties  of  this  bacterium. 

2 .  Investigations  of  microbial  metabolism  of  sorbed  PAHs  have  continued.  These 
assays  use  a  phenomenological  approach  which  assess  the  responses  of  mixed 
cultures  and  pure  cultures  to  PAHs  aged  for  varying  periods  under  aseptic  conditions 
in  the  presence  of  sediments  sterilized  by  y-iiradiation. 

3 .  Data  addressing  the  physiological,  taxonomic,  and  molecular  responses  of  soil  and 
sediment  microorganisms  to  naphthalene  has  been  obtained.  This  component  of  the 
repcHt  focused  on  a  population  geiwtics  ^proach  to  the  distribution  of  naphthalene 
metabolism  genes  at  the  coal-tar  contaminated  study  site.  A  diversity  of  isolates 
capable  of  metabolizing  naphthalene  have  been  isolated  from  2  spatially  distinct 
locations  at  the  field  site  (the  contaminated  seep  area  and  an  uncontaminated  adjacent 
hillside  soil).  The  isolated  bacteria  have  been  characterized  taxonomically  (via  a 
variety  of  procedures  including  tite  cmnmercial  BIOLOG  series  of  substrate  utilization 
tests)  and  genetically  (by  PCR  amplifying  and  sequencing  a  portion  of  the  nahAc  and 
nah  R  catabolic  genes). 

4.  The  mobility  of  PAHs  and  bacteria  ct^able  of  PAH-metabolizing  in  site  sediments 
has  been  investigated.  These  data  woe  obtained  in  the  Fall  of  1993  from  a  field 
experiment  in  which  an  array  of  polyurethane  foam  plugs  and  small  sterile  sand  bags 
were  installed  in  the  seep  portion  of  tiie  study  site.  Periodically,  subsets  of  the 
originally  clean  sorbent  materials  wne  removed  from  the  field  site.  (Thenucal  [gas 
chromatograph/mass  spectrometry  (GC/MS)]  analyses  were  conducted  on  matoial 
sorbed  to  the  urethane  foam  and  numbers  of  phenanthrene  and  naphthalene 
metabolizing  bacteria  adhering  to  the  sand  sorbents  were  also  assayed. 

5 .  Development  of  methods  for  extracting  DNA  from  sediments.  This  topic  is  concerned 
witii  how  to  obtain  DNA  directly  from  environmental  samples  so  that  tools  of 
molecular  biology  can  be  applied  to  microbial  communities  present  in  field  sites.  The 
results  of  this  study  are  In  press,  dw  to  appear  in  the  May  issue  of  Applied  and 
Environmental  Mjcrobiologv.  The  manuscript  is  attached  to  this  report 


NOTE:  In  order  to  maintain  continuity  between  reports,  the  numbering  of  Tables 
and  Figures  will  continue  consecutively  with  those  in  the  first  progress  report. 
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2.2  Properries  of  SphinBomonas  Daucimobilis  RSPl:  a  phenanthrene  metabolizing  bacterium 
2.2.1.  Taxonomic  identification  of  strain  RSPl 

Strain  RSPl  was  identified  by  two  commercially  available  bacterial 
identification  kits:  the  API®  Rapid  NFT™  and  the  BIOLCXj  GN  MicroPlate™. 
The  Rapid  NFT™  method  identifies  environmental  isolates  using  a  strip  which 
includes  tests  for  physiological  capabilities  and  for  carbon  source  udlizadon 
abilities.  The  BIOLOG™  system  uses  only  carbon  source  utilization  tests  in  a 
colorimetric  96-weU  plate  assay.  The  results  of  these  identification  methods  are 
shown  in  Table  1 1. 

The  API  Rapid  NFT™  kit  clearly  identified  RSPl  as  a  Sphingomoms 
paucimobilis  strain  ("good  identification").  The  BIOLOG™  system,  on  the  other 
hand,  returned  a  "no  identification"  response  when  its  computer  database  was 
searched  because  RSPl  did  not  achieve  a  similarity  score  of  ^  O.S  (scale:  0.0  to 
1.0)  with  any  species  in  the  database.  However,  a  fairly  high  similarity  score 
(0.43)  was  observed  with  Sphingomonas  paucimobilis  B,  and  the  next  closest 
match  (Pseudomonas  vesicular)  identified  with  RSPl  with  a  similarity  score  of 
only  0.013.  Furthermore,  the  fatty  acid  profile  of  RSPl  (data  not  shown) 
demonstrated  the  presence  (most  notably  14:0  20H)  and  correct  ratios  of  most  of 
the  fatty  acids  which  distinguish  Sphingomonas  paucimobilis  from  other 
pseudomonads  (Stead,  1992).  In  light  of  these  results,  strain  RSPl  has  been 
iiesiffiatcd  Splungomonas  paucimobilis  RSPL 


TABLE  11.  Identification  of  strain  RSPl  by  two  commercially  available  phenotypic  assays 
kits. 


Gcxnmercial  kit 

Identification 

Scored 

API®  Rapid  NFT™ 

Sphingomonas  paucimobilis 

"good  ID" 

BIOLOG  GN  MicroPlate™ 

Sphingomonas  paucimobilis  B 

0.43 

^  See  text  for  explanation. 

In  addition  to  being  fast  and  easy  to  use,  the  commercial  identification  kits 
which  were  employed  have  the  advantage  of  providing  useful  physiological  data 
about  the  organism  tested.  Tl»  detailed  results  of  the  tests  from  the  Rapid  NFT™ 
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identification  of  RSPl  are  reported  in  Appendix  A.  Carbon  source  utilization  data 
obtained  from  the  BIOLCX3  MicroPlate™  are  reported  in  Appendix  B. 

2.2.2.  General  characterization 

A  summary  of  the  general  characteristics  of  RSPl  are  listed  in  Table  12. 
RSPl  exhibits  the  characteristics  of  a  typical  pseudomonad;  it  is  a  catalase 
positive,  oxidase  positive.  Gram  negative  rod.  Electron  microscopy  of  negatively 
stained  cells  of  RSPl  shows  that  it  is  bipolarly  flagellated  (usually  one  to  five 
flagella  per  pole).  (Flagella  can  be  visualized  in  the  light  microscope  as  well 
using  fluorescent  antibody  techniques.)  The  electron  micrograph  also  showed  that 
RSPl  forms  polyphosphate  storage  bodies  when  grown  in  PTYG5  medium; 
these  are  the  dark  intracellular  structures.  They  are  also  known  as  "volutin 
granules",  so  named  because  these  electron  dense  bodies  appear  to  "volatilize"  on 
the  electron  microscope  screen  when  penetrated  by  the  electron  beam.  The  lighter 
stained  structures  within  the  cells  may  be  polyhydroxyalkanoate  (PHA)  storage 
bodies..  However,  when  RSPl  cells  were  stained  with  a  PHA  specifrc  dye, 
these  structures  were  only  detected  only  in  long,  filamentous  RSPl  cells,  which 
begin  to  appear  late  in  the  log  phase  of  growth  on  PTYG5. 


TABLE  12.  Summary  of  general  characteristics  of  strain  RSPl. 


Characterization  test 

Result 

Gram  reaction 

catalase 

+ 

oxidase 

+ 

flagella 

polyphosphate  bodies 

+h 

PHA  bodies 

+b 

Growth  curve  in  PTYG5 

p  =  2.66  hrs 

indole  — >  indigo 

+c 

plasmid 

.d 

G-*G  content 

71%e 

3  Flagellatitm  is  bipolar,  usually  one  to  five  flagella  per  pole. 

^  Visible  in  electron  microscope;  PHA  storage  bodies  were  detected  by  specific  staining 
only  in  the  large,  filamentous  variants,  which  begin  to  appear  late  in  the  log  phase  of 
growth. 

cwell  characterized  blue  pigmentation  change  caused  by  aromatic  dioxygenase  en^me. 

No  plasmid  has  been  found  using  three  different  methods. 

8  Based  on  sterilized  thermal  melting  processes 
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A  growth  curve  for  RSPl  in  PTYG5  has  been  prepared.  Based  on  plate 
count  results  determined  throughout  the  time  course  of  the  growth  curve,  RSPl 
has  a  generation  time  of  2.66  hours  (Table  12).  Growth  occurs  slower  in  very 
rich  medium  (e.g.,  LB,  TSA,  full  strength  PTYG).  Growth  rates  on  aromatic 
substrates  (PHN,  NAH)  in  liquid  culture  is  variable,  but  generally  slow 
(estimated  generation  times  between  2  and  15  days).  It  should  be  noted  that  other 
researchers  have  shown  that  the  surface  area  of  crystals  of  hydrophobic  organic 
compounds  limits  the  dissolution  rate  (i.e.,  availability)  of  the  compound,  which 
consequently  limits  growth  rate.  Thus,  crystals  were  crushed  as  much  as 
possible  before  addition  to  the  MSB  medium  for  growth  of  RSPl. 

On  most  solid  media,  RSPl  colonies  are  yellow,  circular,  entire,  convex, 
and  smooth.  On  phenanthrene-supplemented  minimal  media  (MSB-PHN)  spray 
plates,  colonies  are  relatively  small  and  exhibit  a  rusty  brown  coloring,  probably 
due  to  the  accumulation  of  a  metabolic  intermediate  in  the  phenanthrene 
degradative  pathway.  RSPl  does  not  have  any  known  vitamin  requirements,  but 
MSB  media  was  often  supplemented  with  a  vitamin  solution  to  promote  faster 
growth. 

RSPl  was  tested  for  its  ability  to  convert  indole  to  indigo.  The  ability  to 
catalyze  indigo  formation  from  indole  is  a  property  of  a  nonspecific  naphthalene 
dioxygenase  enzyme.  This  reaction  has  been  reported  for  other  dioxygenases 
which  were  involved  in  aromatic  hydnx:arbon  metabolism.  The  "indole  to 
indigo"  test  became  a  presumptive  diagnostic  tool  for  designating  metabolism  of 
an  aromatic  hydrocarbon  by  a  microorganism  to  follow  a  particular  pathway 
which  uses  a  dioxygenase  versus  a  monooxygenase.  More  recently,  however, 
the  ability  to  convert  indole  to  indigo  has  been  reported  fenr  monooxygenases,  as 
well.  Nevertheless,  since  the  oxygenases  of  some  aromatic  hydrocarbon- 
degrading  microorganisms  do  not  convert  indole  to  indigo,  this  ability  is 
significant  in  that  it  provides  another  level  of  characterization  about  a  new 
organism. 

The  "indole  to  indigo"  test  was  performed  by  placing  indole  crystals  in  the 
lids  of  inverted  petri  plates  of  RSPl  cultures  which  had  been  growing  on 
phenanthrene  (PHN)  or  naphthalene  (NAP).  The  results  are  shown  in  Table  12. 
Indigo  formation  from  indole  by  RSPl  grown  on  PHN  or  NAP  was  seen  near  the 
edges  of  the  culture  streaks,  where  growth  and  metabolism  were  probably  the 
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most  active.  When  grown  on  NAP,  PpG7,  the  positive  control  strain  which 
produces  a  naphthalene  dioxygenase,  showed  strong  indigo  formation  within 
hours  of  exposure  to  indole.  The  negative  control  strain,  £.  coii  B/r,  which  was 
grown  on  LB  medium  (it  cannot  grow  on  PAHs),  showed  no  indigo  formation 
from  indole. 

Because  the  ability  to  utiUze  aromatic  hydrocarbons  is  often  encoded  on 
large  catabolic  plasmids,  three  plasmid  isolation  procedures  were  attempted  in  an 
effort  to  determine  if  RSPl  harbors  such  a  plasmid.  Only  the  method  of 
Anderson  and  McKay  (1981)  produced  a  strong  plasmid  band  when  performed 
on  the  positive  control  strain.  Pseudomonas  putida,  PpG7,  which  harbors  the  83 
kb  NAH7  plasmid  encoding  NAP  degradation.  No  plasmid  was  detected  in  strain 
RSPl  by  this  method.  That  RSPl  and  PpG7  are  in  the  same  family  of 
microorganisms  (Pseudomonaceae)  and  that  chromosomal  DNA  was  extracted 
from  both  of  these  organisms  by  this  method  lends  support  to  the  fact  that  any 
plasmids  harbored  by  RSPl  shmild  have  been  detected.  The  possibility  that  there 
is  not  enough  plasmid  DNA  to  be  seen  may  be  excluded  because  equal  volumes 
of  approximately  equal  density  cultures  of  RSPl  and  PpG7  were  used,  and  the 
NAH7  plasmid  of  PpG7,  which,  like  most  large  catabolic  plasmids,  is  a  low  copy 
number  plasmid,  was  easily  detectable.  Furthermore,  a  portion  of  the  RSPl 
culture  used  for  the  plasmid  isolation  procedure  was  plated  onto  the  general 
heterotrophic  medium,  PTYGS,  immediately  before  the  isolation  procedure  was 
started.  A  full  100%  (17/17)  of  the  RSPl  colonies  which  were  picked  and 
streaked  onto  MSB-PHN  and  MSB-NAP  media  showed  growth  on  each  of  these 
media.  Thus,  RSPl  was  not  cured  of  the  plasmid  during  growth  on  PTYGS  fw 
the  isolation  procedure.  Despite  these  arguments,  however,  it  can  only  be  said 
that  no  plasmid  has  been  found  in  RSPl  by  the  methods  employed. 

Total  DNA  was  isolated  and  purified  firom  RSPl .  The  G+C  content  was 
calculated  to  be  approximately  71%  based  on  the  thermal  melting  curve  (Table 
12).  This  estimate  may  be  high,  however,  because  the  E.  coli  standard  DNA, 
which  is  known  to  be  about  51%  G+C,  was  calculated  to  be  about  58%  based  tm 
data  from  the  same  thermal  vamp.  In  any  case,  it  is  safe  to  say  that  RSPl  is  GC 
rich  organism,  with  a  G+C  content  probably  between  65  and  75%.  This  is 
important  to  note  for  possible  future  experiments  with  this  orgartism,  which  might 
include  DNA  sequencing  and  DNA  hybridization  studies/gene  probing. 
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3.  Continued  Investigations  of  Microbial  Metabolism  of  Sorbed  PAHs 

As  discussed  extensively  in  the  first  two  reports  from  this  project,  one  hypothesis, 
for  explaining  the  presence  of  PAH  compounds  at  our  study  site  is  reduced  bioavailabilitv 
through  sorption  reactions.  The  experiments  described  below  continue  a  series  of  tests 
designed  to  examine  if  the  extent  of  microbial  metabolism  of  naphthalene  and 
phenanthiene  may  be  inversely  proportional  to  the  duration  of  contact  time  between  these 
PAHs  and  sediment  sorbents. 

Aging  experiment  #6:  Phenanthrene  added  to  seep,  and  sand  sediments  inoculated 
with  enriched  pure  cultures  or  uneniiched  sediments. 

Procedures.  Essentially  the  same  procedures  were  followed  for  Experiments  #  4 
(Fig.  9  of  9/91-9/92  AFOSR  report)  and  5  (Fig.  17  of  9/92-3/93  of  AFOSR  report), 
except  only  two  aging  periods  were  examined  (0  and  28  days).  Key  variables  were  the 
inocula  (a  mixmre  of  2  phenanthrene-degrading  bacterial  cultures  or  sand  or  seep 
sediments).  Also,  special  care  was  taken  to  be  sure  that  all  treatments  had  the  same  ratios 
of  solids  to  liquids.  This  is  a  challenging  objective  when  inocula  initially  have  very 
different  water  contents;  but  the  solids/liquid  ratio  is  particularly  important  in  efforts 
examining  the  response  and  bacteria  to  sorption/desorption  reactions. 

Results.  Results  of  the  sixth  aging  experiment  are  shown  in  Fig.  23A-C.  Panel  A 
shows  the  response  of  the  seep  sediment  inoculum  to  aged  and  tieshly  added 
phenanthrene  sorbed  to  low  organic-matter  sand  from  the  source  area  and  high  organic- 
matter  seep  sediment.  As  was  found  in  aging  Experiments  #4  (9/91-9/92  AFOSR  report), 
and  #5  (9/92-3/93  AFOSR  report),  the  seep  inoculum  was  unable  to  metabolize 
phenanthiene  sorbed  to  y-irradiated  seep  material.  With  sand  as  sorbent  however,  the 
phenanthiene  was  metabolized.  Furtheimoie,  this  metabolism  was  greatest  for  freshly 
added  phenanthiene  and  least  for  the  aged  phenanthrene/sand  mixture.  Thus,  when  the 
inoculum  was  seep  sediment  that  was  not  intentionally  enriched  on  aqueous  phase 
phenanthrene,  the  organisms  found  aged  phenanthrene  to  be  less  available  than  unaged. 
This  suggests  that  enrichment  on  aqueous  phase  PAH  may  not  always  be  the  key  feature 
in  understanding  the  effect  of  aging  on  PAH  metabolism.  Alternatively,  many  seep 
sediments  may  be  so  wet  as  to  be  physiologically  predisposed  towards  utilization  of 
aqueous-phase  PAHs. 


FIGURE  23.  Mineralization  of  phoianthiene  aseptically  aged  with  sand  and  seep  sediments  as 
sorbent  and  subsequently  inoculated  with  either  unenriched  seep  sediment  (A)  or 
Sphingomonas  paucimobiUs  RSPl  (B)  or  unenriched  sandy  source  sediment  (Q 
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Panel  B  of  Fig.  23  shows  the  response  of  a  mix  of  pure  cultures  phenanthrene 
metabolizing  bacteria,  5.  paucimobilis  RSPl  and  strain  RS2A,  to  phenanthrene  as 
presented  in  aged  and  unaged  forms  sorbed  to  sand  and  seep  materials  (as  described  for 
panel  A).  The  results  are  again  similar  to  those  found  in  Experiments  #4, 5  (as  previously 
referenced),  and  23A:  (i)  when  the  seep  sediment  was  sorbent,  no  phenanthrene 
mineralization  was  observed  regardless  of  aging;  (ii)  when  sand  was  sorbent,  the 
phenanthrene  was  mineralized  —  at  tte  highest  rate  and  greatest  extent  for  unaged 
phenanthrene  (see  especially,  results  from  Experiment  #4  in  previous  report).  T 
results  from  the  mix  of  pure  cultures  (Panel  B  of  Hg.  23)  very  closely  matched  i  of 
the  seep  inoculum  (panel  A  of  Fig.  23).  This  fact  is  encouraging  because  it  provides 
impetus  for  further  exploring  the  physiology  and  biochemistry  of  sorbed  substrate 
utilization  by  studying  the  effect  using  pure  cultures.  The  agreement  between  panels  A 
and  B  also  suggests  that  the  seep-sediment  inoculum  was,  in  fact,  pre-adapted  toward 
aqueous  phase  phenanthrene  because  pure  cultures  (Panel  B)  had  been  grown  on 
dissolved  phenanthrene  prior  to  initiating  mineralization  tests. 

Panel  C  of  Hg.  23  shows  the  response  of  unenriched  sandy  source  inoculum  to 
phenanthrene  as  presented  in  aged  and  unaged  forms  sorbed  to  sand  and  seep  materials. 
The  results  are  similar  to  those  of  panels  A  and  B,  and  data  from  previous  experiments  #4 
and  #5,  but  there  are  also  some  impcstant  differences. 

(i)  Unlike  results  in  Fig.  17  (Expt  #5),  but  identical  to  Fig.  9  (Expt  #4),  the  sand 
inoculum  failed  to  metabolize  phenanthrene  sorbed  to  the  seep  sediment  This 
inconsistency  is  difficult  R>  understand  but  may  be  attributed  to  either  spatialAemporal 
variation  in  the  inoculum  itself  or,  perhaps  more  likely,  to  the  difference  in  amount  of 
sand  inoculum  added  to  experiments  reputed  in  Figs.  17  and  23.  In  the  former,  the  large 
inoculum/sorbent  ratio  (1:2.5)  may  have  allowed  re-equilibration  of  seep-sorbed 
phenanthrene  from  "unavailable"  sites  on  the  organic-rich  seep  to  "available'  sites  on  the 
sand.  This  shift  may  not  have  been  possible  in  the  experiment  contributing  to  Hg  6  in 
which  the  inoculum  to  sorbent  ratio  was  (1:6). 

(ii)  When  the  sand  was  sorbent,  phenanthrene  was  metabolized  at  virtually  identical 
rates  and  extents  regardless  of  the  aging  treatment  To  interpret  why  the  sand-derived 
inoculum  utilized  the  aged  and  unaged  sand-sorbed  phenanthrene  equally  well,  requires 
postulating  properties  about  the  inoculum  which  are  uncertain.  In  comparing  panels  A 
and  C  of  Fig.  23  for  instance,  it  is  clear  that  the  seep  inoculum  and  sand  inoculum 
responded  difrerently  to  the  aged  materials.  The  explanation  may  rest  in  particular 
microorganisms  present  in  one  sediment  but  not  the  other  or  their  physiological 
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predisposition  to  aqueous  vs.  sorbed  PAHs....  but  presently,  we  cannot  distinguish 
between  these  or  any  other  possible  explanations. 

Aging  Experiment  #7:  An  examination  of  diauxy,  toxicity,  and  sorptive  properties 
induced  by  yirradiation. 

Procedures.  Several  different  approaches  to  mineralization  experiments  were  carried 
out  to  further  explore  lack  of  phenanthrene  metabolism  that  has  been  documented  above 
when  Y>irradiated  seep  sediments  were  used  as  sorbent.  The  idea  was  to  investigate 
whether  or  not  this  lack  of  metabolism  was  due  to  (a)  a  diauxic  effect:  production  of 
readily  utilizable  ot^anic  compounds  (duough  y-irradiation)  that  may  be  preferentially 
metabolized  by  the  inocula  (Fig.  24A);  (b)  a  toxicity  effect;  production  of  toxic 
compounds  that  may  prevent  metabolism  (Fig.  24B);  (c)  some  other  y-irradiation-induced 
property  of  the  seep;  (Figs.  24C,  D). 

Results.  To  investigate  a  possible  diauxic  effect  in  y-irradiated  seep  sediments, 
phenanthrene  was  added  to  fresh  seep  sediment  with  and  without  addition  of  10  ppm 
glucose  (a  strong  inducer  of  catabolite  repression,  hence  diauxy).  Cumulative  l^C02 
production  (panel  A)  showed  that  the  glucose  had  no  effect  Thus,  we  conclude  that  lack 
of  phenanthrene  metabolism  in  the  presence  of  y-irradiated  seep  was  not  due  to  diauxy. 

To  examine  possible  toxin  productitm  by  y>itradiation,  we  used  strain  RSPl  in  a 
bioassay  in  which  1^GC>2  production  from  ^^-glucose  was  monitored  after  the  cells 
were  added  to  y-irradiated  seep  sediment  As  is  apparent  in  Panel  B  of  Fig.  24,  there  was 
not  even  a  lag  in  glucose  mineralization,  which  was  quite  extensive.  Thus,  the  y- 
irradiated  seep  did  not  contain  general  metabolic  inhibitors. 

To  reaffirm  that  the  protection  of  phenanthrene  (lack  of  mineralization)  observed 
when  y-irradiated  seep  was  used  as  sorbent  (see  Figs,  in  earlier  reports),  we  monitored 
^^CD2  produced  from  C-phenanthtene  added  to  3.5  g  fresh,  nonsterile  seep  material 
and  to  1.5  y-itradiated  sorbent  inoculated  with  0.5  g  of  fresh  nonsterile  seep  sediment 
Results  of  1^002  produced  by  these  treatments  appear  in  Panel  C  of  Fig.  24.  The  non  y- 
itradiated  seep  sediment  rapidly  mineralized  the  C  phenanthrene;  however,  the  y- 
irradiated  material  failed  to  do  so.  In  light  of  results  shown  in  Panels  A  and  B  of  Fig.  24, 
this  lack  of  phenanthrene  metabolism  when  in  contact  with  y-inadiated  seep,  must  be 
attributed  to  sorption  reactions.  The  weakness  of  studying  this  phenomenon,  however,  is 
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FIGURE  24.  An  examination  of  diauxio’,  toxicity,  and  sorbtion  effects  uptm  microbial  mineralization 
activity  Panel  A  reports  ^^COz  production  from  radiolabeled  phenandirene  in  die 
presence  and  absence  of  10  ppm  glucose.  Panel  b  reports  glucose  mineraiiatioo  by 
strain  RSPl  in  the  presence  of  T-irradiated  seep  sediment.  Panel  C  shows  *^002 
production  from  radiolabeled  phraandirene  added  to  fresh  and  y-inadiated  seep 
MrfimMit  Panel  D  follows  production  from  radiolabeled  phenantfarene  added 
toy-irradiated  seep  with  and  without  additional  finesh  seep  material  and  inoculated 

with  strains  RSPl. 
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its  possible  inelevance  to  our  field  site(sediinents  there  are  not  y-iiradiated).  To  further 
examine  this  phenomena  of  phenanthrene  being  protected  firom  microbial  attack,  we 
postulated  that  a  mixture  of  Y-irradiated  sediment  would  lead  to  inhibition  of 
mineralization.  In  panel  D  of  Hg.  24, 14C02  production  from  ^^C-phenanthrene  is 
reported  firom  a  mixture  of  3  g  fresh  seep  material  (plus  accompanying  microorganisms) 
with  0.25  g  of  Y-inadiated  sterile  seep,  and  with  an  additional  inoculum  of  strain  RSPl. 
As  a  ctmtTol  in  this  experiment,  the  RSPl  inoculum  was  also  added  to  C  phenanthrene 
mixed  with  a  sorbent  consisting  entirely  of  Y-inadiated  seep.  Data  in  Panel  D  of  Hg.  24 
show  again  that  phenanthrene  is  rendered  unavailable  to  RSPl  when  the  sorbent  was  y* 
irradiated  seep.  Furthermore,  with  a  ratio  of  0.25  g  Yiindiated  seep  to  3  g  non  irradiated 
seep,  mineralization  occuned  —  but  to  a  far  lesser  degree  (see  vertical  scale  of  % 
mineralization  axis)  than  would  be  expected  for  unimpaired  phenanthrene  metabolism  by 
RSPl  (see  Figs.  17  and  23). 

Summary  of  Aging/Bioavailabilitv  Experiments. 

The  impems  for  attempting  to  uiulerstand  relationships  between  sorption  reactions 
and  PAH  mineralization  has  been  from  two  related  issues.  First,  because  we  are 
ctMicemed  with  the  possibility  of  exploiting  microbial  processes  for  eliminating 
ctmtantinants  fiom  soils,  sediments,  and  ground  water,  we  need  tools  for  predicting  the 
extent  of  PAH  metabolism  in  contexts  where  sorption  occurs.  We  need  to  know  the 
degree  to  which  sorption  reactitxis  govern  biological  reactions.  The  second  motivaticm  is 
derived  fiom  a  need  to  understand  our  own  assay  procedures.  Wherever  l^-labeled 
compounds  are  used  in  our  labtxatory  experiments,  these  compounds  are  necessarily 
"fieshly  added".  In  interpreting  the  results  of  such  tests,  we  need  to  know  if  the  data  can 
be  extrapolated  to  the  entire  pool  of  contaminants  (both  recently  sorbed  and  long  sorbed). 

Have  data  firom  Experiments  1-7,  as  summarized  here  and  in  Table  13,  answmed  die 
above  questitms?  Alas,  we  cautiously  reply  "not  yet",  because  rather  than  black  and  uiiite 
results,  we  have  discovered  areas  of  gray.  Key  points  follow: 

(1)  Without  a  doubt,  sorption  reactions  affect  microbial  metabolism  of  PAHs.  For 
instance,  in  Experiment  #3,  when  the  only  variable  distinguishing  differrat  treatments 
was  duration  of  contact  between  n^thalene  and  botii  sand  and  seep  sorbents,  the  extent 
of  mqdithalene  mineralization  was  related  inversely  to  that  contaa  time. 


TABLE  13.  SUMMARY  OF  METHODS  DEVELOPMENT  AND  RESULTS  OF  AGINO/BIODEGRADATION  EXPERIMENTS^ 
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Likewise,  in  Experiments  #4, 5. 6.  and  7,  complete  inhibition  of  phenanthrene 
metabolism  was  seen  when  the  sorbent  was  y-iiradiated  seep.  We  concluded  that  this 
occurred  as  a  result  of  sorption  teacticms  by  testing  the  alternative  hypotheses  of  diauxy 
and  toxicity. 

Furthermore,  in  all  of  the  aging/bioavailability  experiments  examining  phenanthrene 
metabolism,  the  aged  materials  inoculated  with  pure  cultures  and  seep  inocula 
metabolized  aged  phenanthrene  to  a  lesser  degree  than  the  freshly-added  substrate. 
Exceptions  both  to  protection  by  the  seep  (as  sorbent)  and  to  reduced  metabolism  of  aged 
material,  were  consistently  found  with  inocula  derived  from  sandy  source  sediments. 

(2)  Despite  the  qualitative  findings  in  point  1  (above),  explanations  providing 
predictive  power  about  sorption  and  PAH  metabolism  have  been  evasive.  Reasons  for 
our  inability  to  find  definitive  answers  probably  lie  in  limitations  of  our  methodologies. 
Field  samples  from  Site  24  sediments  must  be  used  in  our  studies  to  guarantee  relevance; 
however,  the  samples  are  heterogeneous  and  contain  unknown  mixtures  of  microbial 
populations.  Unifying  concepts  such  as  "enrichment  for  aqueous  phase  PAHs  should 
produce  populations  unable  to  meudxilize  sorbed  PAHs"  make  sense  in  "explaining"  why 
aging  had  a  strong  effect  on  naphthalene  metabolism  in  Experiments  #3  and  #2.  This 
enrichment  effect  also  helped  to  "explain”  metabolism  of  phenanthrene  by  seep  sediments 
in  Experiment  #4.  However,  when  phenanthrene  metabolism  was  further  scrutinized  in 
later  experiments,  the  concept  broke  down.  In  E;q)eriments  #S  and  #6,  sediment  inocula 
were  "unemiched"  (i.e.,  added  to  the  mineralization  vials  without  prior  addition  of  water 
and  phenantluene  in  a  way  that  might  favor  metabolism  of  aqueous-phase  phenanthrene). 
Therefore,  these  unenriched  sediments  should  have  been  indifferent  to  sorbed  vs. 
aqueous-phase  phenanthrene.  But  instead,  the  aging  effect  was  seen  for  the  seep 
inoculum,  but  not  the  sand  inoculum.  We  can  only  explain  this  by  evoking  differences  in 
the  microbial  communities  of  the  two  inocula  and  uncertainties  about  oiu  ability  to 
presume  anything  about  how  to  assure  a  microbial  community’s  predisposition  toward 
sorbed  PAHs.  The  beauty  of  utilizing  pure  cultures  is  an  ability  to  control  their  previous 
history.  Thus,  with  cultures  grown  on  dissolved-phase  phenanthrene,  (Experiments  #S, 
and  #6),  an  aging  effea  was  consistently  seen.  This  is  encouraging. 

(3)  In  recognition  of  the  importance  of  methods,  it  may  be  prudent  to  point  out  tiiat  y- 
irradiation  of  sediments,  performed  to  eliminate  background  microbial  peculations,  was 
only  one  of  several  possible  strategies  to  examine  the  Aging/Bioavailability  Hypothesis. 
We  chose  this  approach  fru:  good  reasons.  However,  the  finding  that  l^C-phenanthrene  is 
available  for  metabolism  when  added  to  nonsterile  seep,  but  not  y-irradiated  seep  is 


disc(Micerting,  because  it  implies  that  the  information  gathered  suffered  from  experimental 
artifacts.  This  is  tnw,  but  the  information  obtained  still  provides  insights  into 
sorptionA>ioavailability  mechanisms.  Should  this  project  be  renewed  in  ihe  future,  other 
(non  Y-inadiation)  approaches  for  examining  aging/biodegradation  relationships  can  be 
explored  and  contrasted  with  the  data  presented  here. 


Physiological  Taxonomic,  and  Molecular  Responses  of  Soil  and  Sediment  Microbial 
Communities  to  Coal-Tar  Contaminants 


The  response  of  naturally  occurring  microbial  communities  at  our  coal-tar- 
contaminated  field  site  was  explored  using  a  variety  of  field,  microbiological,  and 
molecular  methods.  The  overall  scope  for  this  portion  of  the  investigation  is  as  follows; 

1.  Based  on  proximity  to  the  groundwater  contaminant  plume  we  identified  soil  and 

sediment  microbial  communities  that  either  were  or  were  not  exposed  to  high 
naphthalene  concentrations  hence  were  not  adapted  to  metabolize  naphthalene. 

2.  That  degree  of  adaptation  was  measured  (and  defined)  using  lag  time  prior  to  onset  of 

^^002  production  by  soil  or  sediment  samples  amended  with  l^C-naphthalene.  The 
locations  identified  for  in-depth  smdy  were  seep  sediments  (adapted)  and  an  adjacem 
hillside  soil  (unadapted). 

3.  Naphthalene  degrading  bacterial  isolates  were  obtained  fiom  both  seep  and  hillside 

samples  in  a  manner  designed  to  reflect  in  situ  prt^xrrtions  of  the  isolated  members  of 
microbial  community.  A  total  of  41  isolates  were  obtained,  19  from  the  seep  and  22 
fiom  the  hillside. 

4.  In  addition  to  showing  that  the  isolated  bacteria  grew  on  naphthalene  (i.e.,  produced 

1^G02  fiom  I4n^hthalene  and  produced  large  colonies  on  agar  media  when 
naphthalene  was  provided  as  a  carbtm  source),  each  was  characterized  and  classified 
using  standard  microbiological  procedures  (Gram  stain,  catalase  test,  oxidase  test) 
and  commercial  bacterial  identification  kits  (BIOLOG  and  API-NFT). 

5.  Isdates  are  being  characterized  using  molecular  procedures,  as  well.  Methods  utilized 

include  using  the  polymerase  chain  reaction  (PCR)  to  amplify  nahAc  (the  gene 
encoding  naphthalene  dioxygenase,  the  first  enzyme  in  naphthalene  catabolism)  and 
nahR  (encoding  the  positive  regulatory  protein),  dot-blot  hybridization  with  a  nahAc 
gene  probe,  and  sequencing  of  nahAc. 
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6.  Implementing  this  overall  strategy  will  constitute  a  Ph.D.  thesis,  being  completed  by 
James  B.  Herrick.  The  principal  goal  of  the  thesis  is  to  gain  new  insights  into  the 
response  of  naturally  occurring  microbial  communities  to  PAH  contaminants  can  be 
obtained  using  rigorous  application  of  a  variety  of  conventional  and  molecular 
procedures. 

Methods 

Sample  selection  and  characterization.  Sampling  was  done  at  two  sites  in  the  seep 
area.  One  sample  was  taken  aseptically  from  saturated  sediments  approximately  10  cm 
below  the  rurface  and  immediately  within  the  contaminated  portion  of  the  seep.  The  other 
was  taken  from  moist  soil  at  approximately  2  cm  depth  and  approximately  one  meter  from 
the  first  and  uphill  in  a  direction  opposite  the  contaminated  plume  source.  Soil  and 
sediment  samples  were  tested  for  mineralization  of  ^^C-labeled  naphthalene  as  previously 
described.  Preparation  and  counting  of  total  bacteria  by  fluorescent  direct  counting  were 
also  done  routinely  in  our  laboratoiy.  For  dilution  plating,  10  grams  of  each  sample  were 
suspended  in  90  ml.  of  sodium  pyrophosphate,  further  diluted  in  potassium  phosphate 
buffer  and  plated  in  three  replicates  per  dilution  on  Difco  R2A  medium  (for  total  counts) 
and  on  Stanier's  Mineral  Saits  B  (MSB)  medium  (for  naphthalene  bacteria  counts  and 
isolation).  Naphthalene  was  supplied  as  vapor.  Viable  counts  were  determined  and 
coltmies  sampled  for  isolation  after  72  hours  growth  at  22°  C.  Samples  were  tested  for 
^^-naphthalene  mineralization,  fixed  for  microscopic  direct  counts,  and  dilution-plated 
within  24  hours  of  sampling. 


Strain  isolation  and  characterizatiOTi.  For  each  sample,  30  colonies  greater  then  1  mm 
in  diameter  were  sampled  randomly  from  one  replicate  plate  having  between  30  and  200 
well-defined  colonies.  These  were  purified  on  MSB  plates  +  naphthalene  vapor  and 
checked  for  purity  on  complete  medium  (5%  PTYG)  plates.  Presumptive  growth  on 
naphthalene  was  deteimined  by  plating  on  MSB  with  and  without  naphthalene  vapor. 
Metabolism  of  nt^hthalene  was  confirmed  by  assaying  I4c-naphthalene  mineralizatitm  in 
sealed  flasks.  Gram  stain  and  KOH,  catalase,  and  oxidase  tests  were  carried  out  on  each 
isolate  using  standard  methods.  Two  kits  for  bacterial  identification,  API-NFT  and 
BIOLCXj,  were  employed  accmding  to  the  manufacturers’  instructions.  Ouster  analysis 
was  performed  using  the  BIOLOG  program  MLOust  Conversion  of  indole  to  indigo,  an 
insoluble  blue  dye,  was  used  as  a  presumptive  assay  of  dioxygenase  activity.  Strains 
were  grown  on  MSB  +  naphthalene  at  room  temperature  for  six  days,  then  incubated  in 
the  presence  of  indole,  supplied  as  vapm*.  Any  blue  color  in  colonies  after  9  1/2  hours 
was  scored  as  positive.  Results  were  identical  after  24  hours. 


DNA  hvbridizarion.  Digoxigenin  labeling  of  the  nahAc  probe  was  carried  out  as  has 
been  previously  described  [Herrick,  etal.,  1993  Appl.  Environ.  Microbiol.  59:687-694]. 
Total  genomic  DNA  was  extracted  from  pure  cultures  using  standard  methods.  5  )J.g 
DNA  from  each  isolate  was  denatured  in  0.1  volume  of  4M  NaOH/0. 1  M  Sodium  EDTA. 
It  was  then  dot-blotted  onto  an  MSI  Magna  Graph  nylon  membrane  and  oven-baked 
according  to  the  manufacturers  instructions.  Prehybridization  and  hybridization 
conditions  were  as  described  by  Boehringer-Marmheim.  Blots  were  washed  2  times,  5 
minutes  each  at  room  temperature  in  2X  wash  buffer  (2X  SSC  +  0.1%  SDS)  and  again  2 
times,  15  minutes  each  at  60*  C  in  0.5X  wash  buffer  (0.5X  SSC  +  0.1%  SDS:  ca.  25% 
mismatch),  at  65*  in  0.25X  wash  buffer  (ca.  15%  mismatch),  or  at  65*  in  O.IX  wash 
buffer  (ca.  8%  mismatch).  Percent  mismatch  was  calculated  using  the  method  of 
Meinkoth  and  Wahl.  Bound  probe  was  detected  by  chemiluminescent  exposure  of  X-ray 
film  according  to  the  manufacturer's  instructions. 

Results 


Two  samples  were  collected  for  comparative  smdies  on  naphthalene  degrading 
bacterial  guilds,  one  from  the  contaminated  seep  itself  and  one  from  surface  soil 
approximately  one  meter  distant  and  slightly  uphill  in  a  direction  opposite  the 
contaminated  plume  source.  Each  sample  was  tested  for  the  ability  of  its  microflora  to 
mineralize  ^^C-labeled  naphthalene  in  sealed  flasks.  As  was  noted  in  previous  studies  in 
our  laboratory,  the  contaminated  seep  sediment  rapidly  mineralized  naphthalene  without  a 
lag  phase  (Fig.  25).  Mineralization  by  the  hillside  soil,  on  the  other  hand,  exhibited  a 
very  slow  increase  over  the  course  of  the  experiment.  Very  similarly-shaped  curves  were 
also  observed  for  two  other  samples  taken  from  presumably  uncontaminated  seep 
sediments  near  the  contaminated  seep  (data  not  shown).  Mineralization  curves  for 
labeled  p-hydroxybenzoate  on  the  other  hand,  a  compound  easily  metabolizable  by  many 
heterotrophic  bacteria,  were  equivalent  for  all  samples  (not  shown).  Also,  total  counts 
and  viable  counts  of  bacteria  from  the  samples  were  equivalent  (Table  14).  Thus, 
differences  in  mineralization  observed  for  previously-exposed  and  -unexposed  samples 
were  not  due  to  differences  in  total  or  total  viable  bacteria,  nor  to  differences  in  aromatic 
metabolic  activity.  Both  previously  exposed  and  unexposed  samples  harbor  native 
naphthalene-degrading  microbes.  Naphthalene  guilds  from  contaminated  and 
uncontaminated  samples  show  very  different  responses  to  added  naphthalene,  however, 
indicating  differences  in  the  degree  and  possibly  the  manner  of  previous  adaptation  to  the 
compound. 
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Figure  25.  Naphthalene  mineralization  by  seep  and  hillside  samples. 


Table  14.  Bacterial  counts  of  samples  used  in  this  study. 


Sample 

AODC 

Total  CFU 

Designation 

(.  gdw 

(±  SD)  •  gdw  -1 

Seep  sediment 

4.98  •  109 

1.6  (±0.3)-  106 

Hillside  soil 

3.37  •  109 

1.7  (±0.5)  •  106 

<*Mean  of  two  smears,  IS  fields  counted  per  smear. 

Otaracterization  and  taxonomic  structure  of  naphthalene-degrading  fiuilds. 


In  order  to  further  examine,  on  the  organismal  and  genetic  levels,  the  naphthalene- 
degrading  bacterial  guilds  at  the  study  site,  individual  bacteria  were  randomly  isolated 
and  purified  from  the  seep  and  hillside  samples.  Samples  were  diluted  and  plated  directly 
onto  minimal  medium  under  naphthalene  vapor  in  an  attempt  to  avoid  bias  due  to  prior 
enrichment  and  thus  to  identify  the  numerically  dominant  culturable  naphthalene- 
degrading  bacteria.  Twenty  purified  isolates  from  the  contaminated  seep  and  23  from  the 
hillside  soil  were  chosen  based  solely  on  differences  in  growth  on  plates  with  and 
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without  naphthalene  vapor.  Of  these,  19  seep  and  22  hillside  isolates  were  able  to  fully 
mineralize  ^'^C-naphthalene  to  in  sealed  flasks  after  three  days.  These  isolates 
were  subsequently  characterized  and  identified  using  standard  microbiological  methods 
and  the  test  kits  API-NFT  and  BIOLOG  (Table  15). 

Although  the  API  test  provides  useful  additional  metabolic  information,  such  as 
isolates'  capability  to  respire  using  nitrate  and  nitrite  or  to  ferment  glucose,  it  can  be  seen 
from  Table  15  that  the  BIOLOG  system  was  far  more  successful  in  identifying  isolates. 
Identified  isolates  from  the  hillside  sample  were  primarily  Gram-negative,  oxidase 
negative  rods  of  the  species  Burkholderia  (formerly  Pseudomonas)  gladioli  and  the 
related  species  Pseudomonas  glathei.  These  species  are  known  primarily  as  plant 
pathogens  and  have  not,  to  our  knowledge,  previously  been  identified  as  degraders  of 
polycyclic  aromatic  hydrocarbons.  They  are  members  of  the  P-proteobacteria,  a  group 
widely-divergent  from  the  y-proteobacteria  containing  the  type  naphthalene-degrading 
strain  Pseudomonas  putida  G7  and  the  other  well-known  ("true "  or  Type  I 
Pseudomonas)  naphthalene-degrading  taxa.  Type  I  pseudomonads,  notably  P.  putida  and 
P.fluorescens,  were  heavily  represented  among  the  seep  isolates,  however,  as  well  as  P- 
proteobacteria  such  as  A.faecalis  and  S.  mizutaii.  Notable,  also,  is  the  presence  among 
the  seep  isolates  of  the  Gram-positive  Micrococcus  diversus. 

The  contaminated  seep  isolates  represent  a  taxonomically  more  diverse  group  than  do 
the  uncontaminated  hillside  isolates.  This  is  represented  graphically  in  Figure  26.  Quster 
analysis  based  on  BIOLCX}  carbon  source  utilization  by  each  isolate  shows  that,  within 
the  seep  isolates,  there  are  at  least  four  major  groupings,  one  representing  the  classical  y- 
proteobacterial  Type  I P.  putida  and  P.fluorescens  species,  another  solely  by  P. 
corrugata  Cg7,  a  third  by  the  P-proteobacterium  A.faecalis  Cgl  1  and  its  possible  relative 
Cg4,  and  the  fourth  grouping  by  the  Gram-positive  M.  diversus  Cg3  and  Cgl 8.  Another 
group,  not  shown  on  the  figure,  is  represented  by  the  newly-identified  Sphingobacterium 
mizutaii  Cg2I,  a  member  of  the  a-proteobacteria. 

Exploring  the  genetic  basis  of  naphthalene  mineralization 

When  the  isolates  shown  in  Fig.  26  were  examined  for  PCR-detectable  genes  in 
naphthalene  metabolism  (nah  R  and  nahAc),  none  of  the  isolates  contained  the  regulatory 
gene  (nahR)  (Fig.  27).  Furthermore,  none  of  the  hillside  isolates  contained  the  structural 
gene  (nahA)  (Fig.  27). 

The  gene  distribution  data  in  Fig.  27  represents  small  scale  genetic  biogeography.  A 
selective  pressure  at  the  field  site  (coal  tar  contamination)  has  altered  the  native  microbial 
community  in  a  variety  of  ways.  By  using  the  PtTR  to  attempt  to  amplify  2  genes  known 
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TABLE  15.  CHARACTERIZATION  AND  IDENIinCATION  OP  NAPimiAlJENE-MINERAlJZING  BACTERIAL  ISOLATES 


Number 

Source 

Gram  Stain/ 
Morphology 

Oxidase 

API-NFT  I.D. 
(closest  taxony> 

%id* 

T  index^ 

BIOLOG  LD. 

Cgl 

Seep 

neg.  rod 

+ 

Ps-pudda 

99.7 

0.98 

Pseudomonas  putida  0.79 

Cg2 

Seep 

neg.Tod 

+ 

Pseudomonas,  sp. 

Ps.  fluorescens  0.67 

(amofaciens) 

(82.2) 

(0.85) 

Cg3 

Seep 

pos.  tod 

- 

ND^ 

ND 

ND 

Micrococcus  diversus  0.739 

Cg4 

Seep 

neg.  rod 

+ 

No  I.D. 

ND 

ND 

No  LD.  (Ps.  fluorescens  E  0.41) 

Cg5 

Seq) 

neg.  tod 

+ 

Pseud,  sp. 

(70.4) 

(T=0.79) 

Ps.  fluorescens  B  0 J 1 

(fluorescens) 

Cg6 

Seep 

neg.  tod 

- 

ND 

ND 

No  LD. 

Cg7 

Seq> 

neg.  tod 

+ 

No  I.D. 

Ps.corrugataQ^l 

Cg8 

Seep 

neg.  rod 

+ 

No  I.D. 

Ps.  fluorescens  B  030 

Cg9 

Seep 

neg.  rod 

+ 

No  I.D. 

Ps.  fluorescens  B  0.67 

Cgll 

Seep 

neg.  tod 

+ 

Ps.  picketii 

Alcaligenes  faecalis  033 

Cgl2 

Seep 

neg.  rod 

+ 

No  I.D. 

Pseud,  sp.  (putida  B  0.46) 

Cgl3 

Seep 

pos.  rod 

- 

ND 

ND^ 

Cgl4 

Seep 

pos.  rod 

- 

ND 

ND^ 

Cgl5 

Seep 

neg.  rod 

+ 

Ps.  picketii 

Pseud,  fluorescens  E  0.68 1 

Cgl6 

Seep 

neg.  rod 

+ 

No  I.D. 

Pseud,  corrugaia  0330 

Cgl7 

Seq) 

neg.  rod 

+ 

No  I.D. 

No  LD. 

Cgl8 

Seep 

pos.  rod 

ND 

Micrococcus  diversus  0.703 

Cg20 

Seep 

pos.  tod 

ND 

SDP 

Cg21 

Seep 

neg.  rod 

Sphingomonas 

Sphingobacterium  miztaau 

paucmobilis 

0.683 

Hgl 

Hillside 

neg.  rod 

No  LD. 

No  LD. 

Hg2 

Hillside 

neg.  rod 

No  I.D. 

No  LD.  (Ps.  glathei  0.472) 

Hg3 

IBUside 

neg.  rod 

No  I.D. 

Pseudomonas  glathei  0375 

Hg4 

HJlside 

n^.rod 

No  I.D. 

Ps.  glathei  0.507 

Hg5 

Hillside 

n^rod 

No  I.D. 

Ps.  glathei  0.523 

Hg6 

Hillside 

neg.  rod 

Pseud,  sp. 

No  LD. 

Hg7 

Hillside 

n^.  coccus 

No  I.D. 

ND 

Hg8 

Hillside 

neg.  tod 

Pseud,  sp. 

Burkholderia  gladioli  034 

Hg9 

Hillside 

neg.  rod 

Pseud,  sp. 

Burk.  sp.  (gladioli  0.45) 

HglO 

IfiOside 

neg.  tod 

Pseud,  sp. 

Burk,  gladioli  0.596 

Hgll 

Hillside 

neg.  rod 

No  LD. 

NoIJ). 

Hgl2 

Hillside 

neg.  rod 

Pseud,  sp. 

No  LD.  (Ps.  gladioli  0.34) 

Hgl3 

Hillside 

neg.  rod 

No  LD. 

Burk.  sp.  (gladioli  0.40) 

Hgl4 

Hillside 

neg.  tod 

No  LD. 

No  LD. 

Hgl5 

Hillside 

n^tod 

No  LD. 

No  LD.  (Ps.  fluorescens  A  036) 

Hgl6 

Hillside 

neg.  rod 

No  LD. 

NoLD.(Ps.g/athe(031) 

Hgl7 

Hillside 

n^.rod 

Pseud,  sp. 

Burk,  gladioli  0.52 

Hgl8 

Hillside 

neg.  rod 

+ 

No  LD. 

Ps.  glathei  0.502 

Hgl9 

Hillside 

neg.  tod 

- 

Pasteurella 

No  LD.  (Ps.  glathei  0.486) 

haemolydca 

HG20 

Hillside 

n^tod 

- 

No  LD. 

Xanthomonas  maitophiiia  0.752 

H021 

Hillskk 

neg.  tod 

- 

No  LD. 

No  ID. 

II022 

nec.tod 

- 

Pseud,  so. 

Bu.  gladioli  0.562 

^  Names  in  parentheses  indicate  the  q)ecies  within  the  identified  genus  with  the  highest  %  id  value. 

b  An  estimaie  of  how  closdy  the  isolates  profile  corresponds  to  the  prtqitosed  taxon  relative  to  all  other  taxa  in  the  API-NFT 
data  base.  This  value  i^es  between  0  and  100.  An  "accepiaUe"  identification,  as  defined  by  the  manufacturer,  is  one  whh 
a  %  id  2. 80.0.  Values  in  parentheses  are  those  for  the  closest  species  given  fOT  an  identified  genus. 

^  Measure  of  the  isolates  proximity  to  the  most  typical  profile  in  each  taxon.  The  value  of  T  varies  between  0  and  1.  Values 
in  parentheses  are  those  for  the  closest  qtecies  given  for  an  identified  genus. 

^  M)  as  not  detennined 

®  These  Gram-positive  isolates  are  similar,  based  on  colony  morphology  and  color,  cell  morphology,  and  DNA 
fingerprinting,  to  Cg3  and  Cgl8,  both  idmtified  by  BIOLOG  as  Micrococcus  diversus. 
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Seep  Isolates 


Ps.  corruguta  Cb7 

Ps.  putida  Cgl 
Ps.  fluorescens  B  Cg5 
Pseudomonas  sp.  Cgl2 
Ps.  fluorescens  B  Cgl 
Ps.  fluorescens  B  Cg9 
Ps.  fluorescens  B  Cg8 

Oudase  pos..  Gm.  neg.  lod  Cg4 
Alcaligenesfaecaiis  Cgl  1 
Micrococcus  diversus  Cg3,  Cgl8 


Oudase  neg.,  Gm.  neg.  rod  HG6 

Bu.  gladeoli  HG 10 

BwHudderia  sp.  HG13 

Bu.  gladeoli  HG17 

Oxidase  neg.,  Gm.  neg.  rod  HGI2 

Biatholderia  sp.  HG9 

Bu.  gladeoli  HC8 

Oxidase  neg..  Cm.  neg.  rod  HG15 
Oxidase  neg.,  Gm.  neg.  rod  HG16 


Hgure  26.  Quster  analysis  based  on  BI01XX3  carbon  source  utilization  patterns  of  selected 
naphthalene  mineializadon  isolates. 
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No 
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No 
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No 
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No 

No 

Gm-  rodHgl6  No  No 


Figine  27.  Distribution  of  PCR  Detectable  nah  genes  among  naphdudoie-mineralizing  isdaies. 
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to  be  important  in  laboratory  naphthalene  metabolizing  strains,  we  are  exploring  the 
genetic  diversity  of  naphthalene  metabt^ism  that  is  carried  out  by  a  real-world  microbial 
community  in  the  field.  Although  the  polymerase  chain  reactitxi  (PCR)  assay  used  here 
has  certain  limitations  (i.e.,  specificities  and  idiosyncrasies  implicit  in  primer  design  and 
amplificadtm  conditions,  especially  stringency),  the  contrast  between  ger^tic 
characteristics  among  the  bacteria  isolated  in  this  study  and  between  these  and  the 
laboratory  type  strain  (P.  putida  Pp67,  supplying  the  base  pair  sequence  information)  is 
striking. 

Additional  experiments  exploring  the  details  of  how  and  why  genetic  catabolic 
variation  has  developed  at  our  study  site  are  in  progress. 

Ooncfasinns 

1.  Naphthalene-degrading  isolates  from  the  contaminated  sediment  and  from  the 
uncontaminated  soil  represent  two  very  different  taxonomic  groups,  with  different 
patterns  of  nah  gene  amplifiability. 

2 .  The  presence  at  the  site  of  homologs  to  the  type  PpG7  naphthalene  dioxygenase  gene 
nahAc  suggests  that  genes  closely  related  by  descent  to  those  of  the  type  strain  are 
involved  in  naphthalene  catabolism  in  actual  field  situatitms. 

3 .  Lack  of  amplifiability  of  genes  in  site-derived  isolates  using  PpG7  PCR  primers  arxl 
conditions  has  been  found.  This  may  be  caused  by  a  variety  of  mechanisms  including 
gene  sequence  divergence  or  functional  convergence  of  alternate  pathways. 
Experiments  exploring  these  issues  are  in  progress. 

2.5.  Mobility  of  PAHs  and  Bacteria  Capable  of  PAH  Met^lism  in  Sediments 

In  order  to  investigate  the  degree  to  which  oi^anic  contaminants  and  bacteria  capable 
of  omtaminant  metabolism  are  mobile  in  the  seep  area  of  the  study  site,  a  field  experiment 
was  implemented.  The  overall  approach  was  to  insert  sorbents  into  the  organic  rich 
sediments  and  periodically  remove  them  for  both  microbiological  and  chemical  analysis. 
The  sorbents  utilized  were  clean,  sterilized  polyurethane  foam  enclosed  in  fiberglass 
mesh  (for  PAH  sorption)  and  2-g  portions  of  sterilized  site-derived  sand,  also  enclosed  in 
fiberglass  packets  (for  sorption  of  micioorganisms).  The  experimental  design  placed  20 
of  each  of  these  soihents  into  the  sediments  to  depths  of  3  cm.  The  sorbents  were 
inserted  (in  4x5  arrays)  along  the  flow  path  of  water  as  it  exits  the  seep  area  and  flowed 
toward  the  nearby  surface  stream  and  distant  river.  Periodically,  at  approximately  weekly 
intervals,  the  four  replicates  of  die  sorbents  were  removed  from  the  sediment  using  a 
randomized  design  and  subjected  to  extractitxi  and  chemical  analysis  (foam  sorbents)  or 


32 

microbiological  analysis  (sand  s(»rbent).  To  minimize  sampling  artifacts,  within  minutes 
after  removal  from  sediments,  the  foam  sorbents  were  aseptically  unwrapped,  freed  of 
excess  water  (by  squeezing),  placed  into  Teflon  sealed  vials  and  an  extractant  (1:1 
acetone  hexanes)  was  added.  Later  in  the  laboratory,  GC/mass  spectral  analysis  was 
cmnpleted. 

After  removal  born  the  site,  the  sand  sorbents  were  processed  by  aseptically 
transferring  the  sand  packets  to  sterile  plastic  bags  and  then  keeping  the  samples  at  4°C. 
Dilution  and  plating  of  the  microorganisms  colonizing  the  sand  occurred  back  in  the 
laboratory  within  24  h  using  a  general  heterotrophic  media  (FTYG)  and  PAH-specific 
media  (mineral  salts  +  naphthalene  and  mineral  salts  -*■  phenanthrene). 

Results  of  the  field  mobility  experiments  are  presented  in  Figs.  28  and  29.  both 
mqihthalene  and  phenanthrene-udlizing  bacteria  were  mobile  and  reached  peak  titers  of 
10^  and  10^-^.  respectively  within  1 1  days  of  sorbent  insertion  into  the  sediment  (Hg. 
28).  These  data  unquestionably  reveal  that  heterotrophs,  including  PAH-metabolizing 
bacteria,  are  present  in  the  water  and  sediment  at  the  field  site.  Initially  sterile  sand  was 
colonized  on  Day  0  after  a  1  min  immersion  in  the  sediment.  Furthermore,  the  numbers 
of  heterotrophs  occupying  the  sandy  swbent  changed  with  time  of  sampling. 

This  experiment  was  designed  to  assess  “colonization”  i.e.,  the  dynamic  changes  in 
components  of  the  microbial  community  over  time.  These  changes  were  brought  about  by 
the  transport  of  microorganisms  into  tlw  two  grams  of  sorbent  and/or  by  the  subsequent 
growth  of  the  microorganisms.  But  the  sampling  methodology  could  not  easily 
distinguish  these  two  mechanisms  of  change  from  one  another.  The  population  shifts 
shown  in  Hg.  28  may  be  due  to  a  major  colonization  event  at  t  =  0  followed  by 
subsequent  transput  and  growth  related  population  changes. 

The  degree  to  which  peculation  shifts  in  Hg.  28  were  caused  simply  by 
instantaneous  equilibration  with  the  surrounding  sediment  versus  growdi  and  accrual  on 
the  initially  sterile  sorbent  can  be  assessed  by  comparing  the  numbers  of  bacteria  retrieved 
finom  the  sterile  senbent  to  the  number  of  bacteria  retrieved  from  the  site  sediments  at  each 
sampling  time.  In  panels  A  and  B  of  Hg.  28,  the  initial  bacterial  numbers  in  the  sediment 
wme  between  1.6  and  2.S  log  units  higher  in  the  sediment  than  in  the  Iniefly  immened 
sand  sorbent  Then,  over  the  next  two  sampling  periods,  numbers  increase 
asymmetrically  in  the  sand  smbents  towards  those  in  die  surrounding  sediment  Thus, 
for  general  heterotrophs  (panel  A)  and  naidithalene  metabolmng  bactnia  (panel  B)  the 
data  suggest  that  gradual  colonization  and  changes  occurred  on  the  initially  sterile 
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Figure  28.  Numbers  of  lu^hthalene-,  phenanduene-,  and  PTYG  (a  general  heterotrophic 
n]edium)-degrading  bacteria  retrieved  at  various  times  from  initially  sterile  sand 
sorbents  inserted  into  the  seep  study  area  Fall  1993.  Each  type  of  bacteria  was 
enumerated  after  aseptic  serial  dilutioD  and  plating  onto  agar  media  containing  each 
respective  carbon  source. 

Panel  A  shows  bacterial  numbers  from  bulk  sediment  (single  unreplicated  sample) 
and  sand  sorbent  (4  replicate  samples)  growth  on  PTYG  media. 

Panel  B  shows  bacterial  numbers  from  bulk  sediment  (single  umeplicated  samide) 
and  sand  sorbent  (4  replicate  samples)  growth  on  nqrhthalene. 

Panel  C  shows  bacterial  numbos  from  bulk  sediment  (single  unreplicated  samjde) 
and  sand  sorbent  (4  replicate  samples)  growth  on  phenanthrene. 
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sorbent  By  contrast  for  phenanthrene  metabolizing  bacteria  (whose  numbers  were  3  and 
1  order  of  magnitude  lower  than  those  from  PTYG  and  naphthalene  media,  respectively), 
there  was  no  distinguishable  difference  between  bacterial  numbers  in  bulk  sediment 
versus  those  renieved  fo)m  the  sand  sorbent  (panel  C).  Thus,  the  data  shown  in  panel  C 
do  not  argue  for  dynamic  successional  population  shifts  within  an  initially  sterile 
microhabitat  Instead  of  accrual  and  growth  of  phenanthrene-utilizing  bacteria  on  the 
stuhent;  the  peculation  shifts  seem  to  appear  to  simply  reflect  act  simply  an  instantaneous 
equilibration  with  the  ambient  water  and  sediment. 

Fig.  29  displays  the  results  of  chemical  analyses  performed  on  the  foam  sorbents 
installed  in  the  seep  area  and  later  analyzed  by  gas  chiomatographs/mass  spectrometry. 
The  eight  compounds  shown  were  selected  because  of  their  relatively  high  abundance  and 
consistent  appearance  in  chromatograms.  The  initially  clean  polyurethane  foam  plugs 
were  immersed  in  saturated  sediments,  then  after  periods  ranging  from  5  minutes  to  23 
days  analyses  were  performed.  Interpreting  the  data  in  Fig.  29  requires  the  same 
vigilance  used  to  interpret  data  in  Fig.  28. 

Processes  reflected  in  the  contaminant  retrieval  data  in  Fig.  29  include 
soqjtion/desorption  reactions,  aqueous  phase  transpon,  filtration  of  colloids  into  the  foam 
sathent,  and  microbial  metabolism  of  the  compounds  sampled  by  the  foam.  With  the 
excepticMi  of  data  describing  3  Nitio-l,2''dicaiboxynaphdtalene,  all  compounds  were 
initially  at  very  low  concentrations.  This  implies  that,  unlike  the  microbial  colonization 
experiments  described  above,  the  foam  sorbents  did  not  instantaneously  equilibrate  with 
their  surroundings.  In  other  words  after  initial  insertion  into  the  site  sediments,  the 
subsequent  changes  in  concentration  of  the  compounds  reflected  in  situ  sorption, 
transport  and  biodegradation  dynamics.  Seven  of  the  eight  compounds  did  not  simply 
accrue  in  the  foam  sorbent  (for  uncertain  reasons  the  exception  was  3,-nitro-l,2- 
dirarboxybenzeae).  Instead,  a  maximum  concentration  was  found  on  day  15  followed  by 
a  slow  decline  in  concentration  by  day  23.  The  reason  for  the  decline  in  concentration 
was  uncertain.  However,  both  leaching  of  the  materials,  microbial  metabolism,  and/or  a 
shift  in  the  relative  rates  of  loss  versus  accrual  mechanisms  may  be  responsible. 


The  impetus  for  insoting  sorbents  for  microbial  cells  and  organic  contaminants  into 
the  field  site  sediments  was  to  ascotain  how  dynamic  these  key  components  are  at  die 
site.  The  ambient  concentrations  of  contaminants  and  cells  in  the  sediments  reflect  a 
balance  of  mechanisms  that  add  (via  transport,  sorption,  cell  growth)  and  remove  (via 
tianqxxt,  desoiption,  biodegradation,  trell  death)  the  chemicals.  Although  the  interactitHis 
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Hgure  29.  Gmcentrations  of  coal  tar-derived  compounds  retrieved  from  polyurethane  foam  sottfaents 

inserted  into  the  seep  study  area  Fall  1993.  Each  poim  represents  the  average  of  3  or  4  replicate 
samples.  Compounds  are  analyzed  by  gas  chromaiogn^hyAnass  spectrometry.  Ai^ieatic 
standards  were  not  available  for  all  compounds  therefore,  absolute  oonoentrations  were  not 
ascertained.  Instead,  the  arbitrary  units  of  chromatogram  peak  areas  are  displayed  along  tte 
vertical  axes. 

Top  s  concentrations  of  naphthalene,  2  methylnaphthalene,  1  methyl,  2  cyclopronyl,  benzene, 
and  3  nittD-l,2dicarboxybenzene 

Bottom  s  Concentradons  of  indene,  1,23-trimethylbenzene,  1,  eth^-2,  methylbenzeoe,  and 
23-dihydro-4  methyl- IH  indene. 
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of  these  pnx:esses  may  be  complex  and  difficult  to  discern,  the  procedures  used  to 
implement  this  initial  inquiry  were  straight  forward  and  insightful.  Principle  conclusions 
are: 

1 .  Contaminant  metabolizing  heterotrophic  microorganisms  indigenous  to  the  field  site 
are  mobile,  capable  of  colonizing  initially  sterile  sand,  and  vary  in  abundance  over 
time. 

2.  Naphthalene  metabolizing  bacteria  occur  at  a  density  of  10^/g,  compared  to  103  for 
phenanthrene  degraders.  These  abundances  of  the  respective  bacteria  are  consistent 
with  the  relatively  high  solubility  and  concentration  of  naphthalene  at  the  site. 

3.  Eight  naphthalene,  indene,  or  benzene  derivatives  were  consistently  identified  by 
GC/MS  analysis  following  extraction  from  foam  sorbents  inserted  into  the  seep  area 
at  the  study  site. 

4.  The  concentrations  of  seven  of  the  eight  compounds  mentioned  under  point  #3, 
increased  during  a  15  day  period  and  the  gradually  declined.  The  reason(s)  for  this 
pattern  is  uncertain,  but  may  reflect  a  combination  of  contaminant  mobility,  solubility, 
water  flow  events,  and  biodegradation. 

2.6.  Development  of  Methods  for  Extracting  and  Aiudyzing  DNA  From  Sediments 

The  appended  manuscript  entitled  “Quantitative  Cell  Lysis  of  Indigenous 
Microorganisms  and  Rapid  Extraction  of  Microbial  DNA  From  Sediments”  has  been 
accepted  and  will  appear  in  the  May  1994  issue  of  Applied  and  Environmental 
Mkrobiologv. 

3.0  Future  Plans 

During  the  next  funding  period  for  this  project,  we  will  continue  to  build  on  existing 
results  and  test  hypotheses  aimed  at  explaining  the  persistence  of  PAHs  at  our  study  site. 

-  Experiments  examining  the  behavior  of  Pseudomonas  paucimobilis  RSPl  and  its 
metabolism  of  phenanthrene  will  continue.  Microscqnc  examination  of  sediment-cell 
substrate  interactions  may  be  explored. 

-  Erqreriments  testing  the  Sorpticm/Bioavailability  hypothesis  will  continue. 

-  Experiments  exploring  the  genetic  diversity  of  naphthalene  metabolism  among  site- 
derived  bacteria  will  continue. 

-  During  the  Summer  of  1994,  additional  field  experiments  will  be  implemented. 
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TUs  stady  reponi  iiiiiirorrMeati  ia  tan  of  tta  key  itepo,  tytii  of  ImHeeanao  cells  aad  DNA  pacificttioB, 

repaired  far  acUs*li«  a  rapid  asaaeleeitve  piaiacol  for  cstiaciiag  aaclik  adds  dinctly  froB  sodiaa  dodscyi 
soltala  (SDSHreatad  orfaiacally  tick  iwifsaii  lacorporailaa  of  bcad-alli  hmnagMiiraHoB  Into  the  DNA 
eattaaioa  piacadaro  doahlsd  tho  drailftMasrrtrally  dorr mlasd  DNA  yield  (lLS|t(ofDNA*cofcellBlardiT 
wdgfct'M  rdaiheioiBootvocBtioaofthnocycicsorfteciiaf  aadtkaadBg(5.2  ixofDNA'CofcellaiardiT 
welcht~')-  Tho  laiptarad  DNA  ouiactiaa  rgcisacy  was  aiulbaled  to  iacreased  cell  lysis,  meaaaiad  by  rtaUa 
<•««■■««  of  sodiaMas  auaaoiiaalaau  abkh  shaaad  that  2  aad  S%,  tcsbocttvely,  siuriyad  the  boadHBlii 
IwaMtsaiMdtaa  aad  fcataeKaaw  piacadaias.  Cociaspoadiag  meoearemraie  of  saipsasioar  of  viable  BatUaa 
doaotuMUaud  that  2  aad  94%  of  the  initial  aaaber  sofrlted.  Cbawiaitiiaal.  laser  scaaalac 
cpiflaofaaoeaee  phase  roatraet  aad  dilwaartsl  latertuaaca  Baairast  atlcraocopy  raraaiad  that  assail  ceeesid 
bacterial  (1.2  to  OJ  ftai  ioag)  were  left  tatact  after  reaiblaid  SDS  aad  brad  ■ill  hoBMgaaimioa  of 
ciMMMt  isssnler  c***"*— —  *r  trmrtltm  Id  Hi»  BMa— >— iriy  that 

6%  (2.2  N  l^ceils*gof  celhdardryael^*')  of  the  otighial  popalartea  (3  J  X  10*  cells  •  g  of  eeUalar  dry 
wol^~M  reauiaad  after  SDS  aad  bead4iUlhoaaagcaiaklloa.Thiis,  lysis  of  total  ceils  was  less  oOciaBt  tea 
that  of  ceUa  whkh  coald  bo  caltaiod.  Tho  osttaetod  DNA  was  aaad  la  aacoasalhlly  asapUftr  nahft,  tho  regalatacy 

jmr  ftir  aepbihaltai  nitiTt"rr  ir  “r— - “r  "-“ir  i* - - - tT  -rff  ntrartad 

to  ftS  g  aad  by  a^  VvHftoftiM  aad  SpiaBM  DNA  parlOcatioa  caitthtpo,  tha  ttaaa  roqairod  ta  attract 
DNA  lhaa  wholo  sodhaoat  saaiplaB  was  ndaced  to  2  h. 


Microbial  ecoiogitts,  systeaiaticists.  end  popuiation  geneti' 
cats  havo  become  increasiagly  interested  in  metbe^  for 
oooiplete,  unbiared  isolation  of  DNA  (7, 9, 12, 16, 29, 30)  and 
RNA  (6,  8,  11,  19,  34,  36)  from  soils  and  sedimeaia  because 
sucb  procednies  promise  to  make  the  genomes  of  uncultured 
indigenous  microorganisms  available  for  molecular  anafysis. 
The  idmtl  (2,  35,  36)  is  to  ciicunnent  the  biases  implicit  in 
culture^as^  procedures  by  directly  accessing  the  genes  of 
naturally  oocatTing  mkrobial  communities.  But  achieving  this 
ideal  requires  overcoming  a  variety  of  intetferenoes  that 
Himiwiiih  the  quality,  yield,  and  divei^  of  extracted  nudeic 
These  interferences  raise  questions  about  the  oomplete- 
nest  of  nucleic  add  extractioii,  and  about  the  representative* 
ness  of  resuiis  based  on  tlm  procedures. 

The  popular  direct  lysn  approach  to  DNA  extraction  and 
purification  (24)  nmy  be  dissected  into  the  following  coocep* 
tual  sups:  (i)  washing  the  material  to  remove  soluble  oompo* 
nents  ttot  may  impair  manipulatioa  of  subsequently  iidated 
DNA;  (ii)  disruptioa  of  cells  in  the  material  to  release  DNA  or 
RNA  from  the  cells;  (ill)  separation  of  the  DNA  or  RNA  from 
solids;  and  (W)  isolatioa  and  purificatioa  of  the  released  DNA 
or  RNA  so  thm  it  can  be  used  in  various  molecuiar  procmhires 
(i.e.,  PCR,  digesdon  by  restriction  enzymes,  hybridization 
reactions,  or  sequencing).  A  variety  of  methods  integrating 
most  or  all  of  these  steps  have  been  published  (7, 12. 20. 22, 28, 
29, 31),  yet,  no  stud}'  demonstrated  that  the  DNA  or  RNA 
was  extracted  from  soil  or  sediment  completely.  Nor  have 
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criteria  for  complete  extraction  of  DNA  or  RNA  from  native 
soil  and  sediaoent  communities  been  latahihiwMt 

Procedures  for  lysis  of  microbial  cells  in  soils  aad  —tHuynn^ 
have  relied  on  one  or  more  of  the  foliowiitg  treatments 
lysocyme,  beat,  proteinase  K,  sodium  dodecyi  sulfots  (SDS), 
achroraopeptidaae,  hot  phenol,  guanidine  tiyocyaimiB,  pio- 
naae,  aoetone,  Sarlcosyl,  EDTA.  freeze-thaw  cycles,  freeaa4ioil 
cycles,  sonicatioa  bead-mill  homogenization,  microwave  heat¬ 
ings  and  mortar  mill  grinding.  Ogrm  et  aL  (20)  reported  that 
a  combination  of  SDS  (incubated  at  70*C)  aiul  bead-null 
homogenization  achieved  a  90%  lysis  efficiency  fitr  native 
to  matine  and  freshwater  sediments,  as  determined  by  micro- 
soopic  counts.  Tsai  and  Olson  (31)  reported  that  an  EDTA- 
tysozyme  treatment  followed  by  three  freeze-thaw  cyelm  re¬ 
duced  microscopic  counts  of  cells  added  to  and 

subsoil  samplm  by  95%.  Similarly,  Picard  et  aL  (22)  teponed 
that  three  sonication  microwave-thennal  shock  acUaved 
complete  lysis  of  Stnpumfces  spores.  More  recently;  Etb  and 
Wapier-DObier  (7),  using  mkzoscopic  counts  of  two  bacterial 
strains  added  to  sterile  sediaienis,  concluded  that  she  SDS, 
freeze-thaw  treatmentt  led  to  99%  lysis  efficiency,  WUIe  all  of 
these  reports  were  based  on  mictotoopic  obamvasions,  deaerifK 
tions  of  surviving-ceil  size  distribution  and  ■uwphniimy  luag 
yet  to  be  presented.  Furtbermoie,  general  critetia  tat 
efficiency  of  microotganisms  nativB  to  tedhnents  have  yet  to  be 
estabUsbed.  In  this  regard,  several  investigaton  (7, 22, 31)  have 
made  the  questionable  assumption  that  test  mkrooifmiiBam 
added  to  sediments  were  valid  surrogates  for  native  cells. 

The  rationale  for  the  use  of  a  lytic  procedure  is  dear: 

complete  disruption  of  cellular  structure  and  relearn  of  nudeic 
adds  is  the  objective.  A  goal  of  our  research  wm.  to  better 
understand  the  effectiveness  of  cell  lysis  procedures  by  deters 
mining  their  efiects  on  the  diverse  assmnblage  of  celfe  in  nmive 
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mioobiai  communities.  In  this  investigation,  we  compared  the 
effects  ot  two  of  the  most  widely  used  physical  lysis  procedures, 
cycles  of  freezing  and  thawing  and  bead-mill  homogenization, 
on  DNA  yield  and  viable-cell  plate  counts.  Total  counts  and 
miczosoopic  observacnns  of  acridine  orange-stained  samples 
were  also  used  as  criteria  for  lyro  effectiveness.  Finally,  we 
simplified  the  protocol  for  extraction  and  purification  of  DNA 
from  the  sediment 

MATERIALS  AND  METHODS 

Sediascnt  samplea.  samples  were  obtained  asepti- 

cally  from  a  coal  tar-contaminated  site  near  South  Glens  Fails, 
New  York.  Sample  characteristics  and  other  details  of  the  site 
have  been  described  previously  (12, 17. 18).  Approximately  35 
years  ago,  coal  tar  was  buried  in  a  single  depontional  event 
and  since  that  time,  groundwater  fiow  has  distributed  soluble 
coal  tar  constituents  in  a  narrow  contaminant  plume  throi^ 
sandy  subsur&ce  sediments.  The  contaminated  water,  which 
contains  naphthalene  and  phenanthrene.  emerges  in  an  or¬ 
ganic  matter-rich  seep  area  at  the  foot  of  a  hill  slope,  400  m 
down-gradient  from  the  original  coal  tar  deposit  The  meth^ 
described  here  primarily  utilized  the  seep  sediment  in  which 
organic  matter  content  was  approxiinatety  20%  ud  the  water 
content  was  approximately  50%  (12).  Other  sandier  sediments 
(approximate^  1%  organic  matter  and  20%  water)  were  also 
used  in  this  study;  these  subsortKe  sediments,  designated 
“source,”  "upgradient"  and  “downgtadient”  were  obtained 
from  boreholes  at  the  field  site  along  a  midline  tiansM  of  the 
plume  (17,  18).  In  sampiea  from  source,  upgradient  and 
downgradient  locations,  the  ooncentratioos  of  poly^^riic  aro¬ 
matic  compounds,  especially  naphthalene  and  phenanthrene, 
gradually  Himinwhun  Storage  of  seep  and  subsurface  samples 
(in  presterilized  screw-cap  glass  jars)  was  at  4X  for  perfo^^ 
to  1  and  3  years,  respemively.  Any  changes  in  mioobiai 
populations  that  may  have  oocntred  during  storage  were 
immaterial  for  the  ptnposes  of  this  investigation. 

CeO  lysis.  The  foUoR^  general  lysis  protocol  was  used  in  ail 

experiments.  Equal  weigto  (either  0.25  or  0.5  g)  of 
scdiineitt  &nd  phosphsts  buffiff  (100  mMu  pH  8  [23|)  were 
added  sequent!^  to  2-ml  screw-cap  poiypiopyiene  miooeen- 
trifiige  tubes  (Laboratory  Products  Sales.  Inc.,  Roche^. 
N.Y.)  ntnmining  Z5  g  of  0.1'inm-diaineter  zirconium  siUom 
beads  (BioSfm  Products.  Bartlesville,  Okla.)  previ- 
nufiy  Sterilized  by  autodaving  Cor  50  min  at  l2(rc  and  15 
Ib/in^.  Next.  0.25  mi  of  a  10%  SDS  solution  (SDS-Tris-NnCt 
100  mM  NaO-SOO  mM  Tris,  pH  8-10%  SDS)  was  added;  the 
final  concentration  of  SDS  was  approximately  4%.  Each  tute 
was  shaken  at  high  speed  for  5  or  10  min  in  a  bead-mill 
lyimnggnwiny  unit  (BioSpec  Mitti-Bcad  Beater).  The  selection 
of  bead  size  and  the  proportion  of  beads  to  cell  suspension 
were  determined  by  foUm^  guidelines  for  disiupting  bacte¬ 
rial  cells  provided  by  the  manuCKturer.  The  tubes  were 
removed  from  the  bead-mill  and  centrifuged  for  3  min  at 
12,000  X  a. 

To  compare  the  ^  sttdeacy  of  the  bead-miil  bomogeni- 

zatkm  and  freeze-thaw  prooediaes,  the  sediment  was  mixed  by 

■AUng  3  g  (rf  to  3  mi  of  phospham  buffer  in  a  l^ml 

pjggfie  oentrifiige  tube  and  ”**vi**g  lor  2  min  on  vortex  mixai, 
OJ  ml  ttf  the  mixed  tuspenskm  (equivalent  to  0.2S  g  of 
sudbuent)  was  immediate^  distiibuted  to  the  2-ml  mktuceu- 
triCnge  tubes  with  and  without  prior  addition  of  0.1-mm  beads 

as  described  above.  A  05-ml  suspension  erf  Arcfito  endospores 

in  the  phosphate  buSer  was  also  added  to  mkaocenttiflige 
tubes  with  and  without  beads.  Endospores  were  harvested 

from  a  culnite  of  BadBia  suMffr  CU 1065  (Seetkm  of  Micro¬ 


biology,  Cornell  University)  by  culturing  the  bacterium  on  5% 
PTYG  agar  medium  {4,  5]  and  allowi^  extensive  (apprati- 
mately  40  days)  desiccation  to  occur  at  22‘C.  The  spores  were 
harvested  by  flooding  the  plate  with  the  phoapliate  buBer. 
Microscopic  examination  showed  that  100%  of  the  ftnritfifr 
cells  in  the  suspension  had  spcnulated.  Each  tube  received  0.25 
ml  of  the  10%  SDS-Tris-NaQ  solution.  The  SDScontainmg 
suspensions  of  the  spores  or  sediment  were  then  nihjonritl  to 
two  difoxent  lysis  procedures.  In  the  freeze-thaw  prooednre, 
samples  were  rapidly  frozen  by  immersion  in  liquid  nitrogen  (2 
min)  and  then  thawed  in  a  65^  water  bath  (5  min);  this 
freett-thaw  qtde  was  carried  out  three  times.  brad  mill 
homogenization  procedure  was  carried  out  for  5  min  as 
described  above,  with  or  without  beads  added.  In  this  case,  lysis 
efficiency  was  evaluated  by  triplicate  viable-cell  plate  conms  on 
5%  FTYG  agar  medium  and  microscopically  as  described 
below.  The  results  were  confirmed  in  three  separata;  experi¬ 
ments,  though  data  from  only  one  are  reported  here. 

Mioesespic  evalaatloH  of  cell  lyria  IntM  sediment  samples 
or  samples  treated  with  SDS  and  sulqected  to  the  lysis  proce¬ 
dures  were  stained  with  0.01%  acridine  orange  and 
with  either  a  Zeiss  Standard  18  microscope  under  phase- 
contrast  and  epifiuorescence  viewing  or  a  Zeita  laser  acaaniag 
microscope  (model  LSM-10)  equipped  for  fluorescenoe,  phase, 
and  diffimntial  inierforenoe  contrast  imaging  under  4SS■^un 
from  an  argem  later.  The  LSM-10  is  configured  such  that 
a  single  field  of  view  can  be  examined  by  conventional  trans- 
mfrted  and  epifluorescence  illumination  or  by  compaiablB 
laser-scanning  illumination.  Both  tmcroacopes  are  filtad  wMi 
X  lOOoil  immenkm  ob)emive  lenses  with  numerical  apsiuires 
of  IJ  or  1.4.  An  acridine  orange  direct  count  (AODQ 
agar-smear  procedure  (5, 10)  was  used  to  assess  the  extent  of 
1)^  of  the  endospores  and  enumerate  the  total  number  of  cells 
in  die  sediment  The  computerized  imaging  and  aulysis 
systems  of  the  LSM-10  were  used  to  document  the  size 
distrfoution  of  microbial  cells  surviving  the  varioas  lytic  pro- 
cedues.  In  enumerating  cells  in  the  sediment  prior  to  taqde- 
menting  fysis  procedures,  the  average  count  and  Stamford 
deviation  were  computed  from  du|tiicate  smears  ptqmied 
from  three  independent  subsampies  of  the  tedirnem  as  de¬ 
scribed  previously  (5).  In  lysis  experiments,  the  same  general 
procedure  was  ft)llowed,e3cept  that  only  one  smear  from  each 
sam^  was  examined.  In  one  instance,  the  number  of  surviving 
cells  was  estimated  from  a  wet  mount  of  a  known  volume  erf 
sam^  under  a  22-mm^  coverslip. 

DNA  patifleatien.  The  supernatant  from  the  lysis  treatment 
(150  to  250  |U)  was  mixed  2:5  with  a  volum  of  7.5  M 
ammonium  acetate,  and  a  precipitate  was  allowed  to  form  for 
5  mm  at  4*C  Then,  the  tube  was  spun  for  3  min  at  12J)00  X 
g  and  150  |U  of  the  supernatant  was  concentrated  and  pattially 
purified  wM  a  SpinBind  DNA  extraction  cartridge  (FMC 
BioProducts,  Roddano,  Maine).  In  a  SpinBind  caitridga,  tiie 
IMA  Mnds  to  a  mioroporous  silica  membrane  in  the  prasaace 
of  cfaaottqtuc  saltc  after  washing,  the  DNA  can  be  eluted 
with  water.  The  unitt  were  used  according  to  the  manufaBliir- 
er’s  instructions,  except  that  an  EDTA-free  ethamd  wash 
buflsr  was  employed  and  the  DNA  was  eluted  with  30  pi  of 
warm  (60rC)  deionized  water.  The  eluted  DNA  was  loaded 
onto  a  1%  agarose  gel  containing  0.5%  ethidium  bromhto  and 
subjected  to  eleettophoresis  (4  V/cm)  for  20  min  in  TAB  huffier 
aeoenffing  to  a  standud  protocol  (3).  The  resulting  DNA  bands 
were  cut  out  of  the  gel  and  purii^  with  a  SpinKnd  cartrh^ 
according  to  the  manufsctiirer's  instructions  for  exnactiou 
from  an  agarose  geL 

Quantification  ef  DNA.  The  concentration  of  DNA  after  the 
fimi  purification  step  was  measured  by  denshometry  as  fol- 
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table  1.  oi  freeze-ihaw  ireauneni  and  bead-miU  bomowmzauon  on  tuivival  of  cuiuirabte  lediment  bacteria  and  fiariftir  endoapoica 


SanWe 

Treaimeiir' 

CFU 

(tSDl-gdw-** 

% 

Suivwel 

VUbMawlaU 
ratio  <%)^ 

Sediment 

None 

I.0(±02)-10’ 

100 

03 

SDS  -I-  freeze-chaw 

7.8{±13)-10‘ 

8 

0.02 

SDS  S-min  bead-miU^ 

13  (±0.2)  •10’ 

2 

0,004 

Endospores 

None 

lff(±0.1)-10» 

100 

ND* 

SDS  +  fieeze-iiiaw 

1.7  (±03) ‘10* 

94 

ND 

SDS  +  S-min  bead-miU 

33  (±03) -10* 

2 

ND 

*  See  Materials  and  Methods. 

* adw, iram ef oeUular dry weigM.  . 

'  Also  see  Table  iAODC  of  umreatod  sample  -  3.8  (±0J)  X  l^oella*^.  .../....m  .v 

“  When  ^r“«-  wm  baa  the  daBrngemaatioa  praoedme.  the  poadysa  CFU  oomit  was  AS  (  ±  LO)  ■  10*  (6S»  aunml). 

*  ND.  not  determined. 


lovya:  3.0  til  of  f4wh  sample  and  4.  2, 1,  and  OJ  |il  of  Lambda 
DNA  standards  (Promega,  Madison.  Wis.)  cut  with  Mndlll 
(New  England  Biolabs.  Beverly.  Mass.)  were  elecirophoresed 
on  a  1%  agarose  gel  in  TA£  runmng  buffer  as  described  above. 
The  gel  was  photographed  under  a  Spectroline  302^100  UV 
traitsilluminator  (model  TR-302)  as  previously  describ«l  (37). 
A  negative  image  of  the  gel  was  produced  with  a  Polaroid  MP4 
T  atui  camera  using  Polaroid  type  3S  film.  Btmds  on  the 
negative  were  scanned  with  a  laser  densitometer  (Helena 
Laboratories,  Houston.  Tex.),  and  the  DNA  was  quantified  by 
interpolatioa  firom  a  calibration  curve  prepared  from  the 
densities  of  Lambda-HthdDl'CUt  DNA  standards. 

PCR  — riHifrinm  of  fsdnctad  DNA  The  suitability  of  the 
isolated  DNA  to  undergo  enzymatic  amplification  reactions 
was  tested  by  a  nested  PCR  protocol  (15, 27),  using  primers  fijr 
nahR,  the  regulatory  gene  in  the  naphthalene  catalxiiism  gene 
cluster  encoded  on  the  NAH7  plasmid  ot  Pseudomonas  puiUa 
(39).  The  outer  primer  sequences  were  S'AACTGCGTGAC 
CTGGATTOAO'  and  5'CGCCGCCGGCrCOGCrGGTG 
T3',  corresponding  to  nucleotides  152  to  172.  and  1244  to  1224 
(39)  of  the  nahR  gene.  The  inner  primer  sequences  were  5'G 
CCGCGCATCrGGCCGAGCCCGTCACrrCGGS'  ami  5'C 
TGGAGGATGTGGCCAACGGCGGCGAAGTGa*,  cor- 
responding  to  nucleotides  343  to  373  and  1200  to  1170  of  the 
gene.  The  final  produa  was  828  bp  long.  Reagents  and 
conditions  for  carrying  out  the  PCR  were  as  previously  de¬ 
scribed  (12),  except  that  the  inner  and  outer  reactions  were 
prepared  under  "hot-start''  conditions,  with  the  deoxynucteo- 
side  triphosphates  added  after  the  tubes  were  faea^  to  80n 
The  outer  reaction  mixture  included  2  pi  of  SplnBind-purified 
sample  and  was  cycled  1  tiffleat93*Cfor  5  mim5  times  at  94*C 

for  2  min,  fi5*C  fi>r  1  min,  and  72T  for  1  min;  25  times  at  05^ 

for30s.65X:for30s,and72*Cfor30s;andltimeat72"-  for 
5  min.  For  the  inner  amplification  which  followed,  5  |il  of 
solution  produced  from  the  outer  reaction  mixture  was  used  as 

template-  Tubes  were  cycled  30  times  at  95’C  for  30  s  and  70*C 

for  1  min  and  1  time  at  72*C  for  5  min.  Hw  PCR  fnoducts  were 

detected  by  agarose  gel  electrophoresis  in  1%  agarose  gels  as 
deacribed  above.  F.  putidh  G7,  used  as  a  positive  control  In  the 
PCR  ass^,  was  ori^nalfy  obtaiiied  firom  G.  S.  Sayler  (Univm- 
sity  of  Tennessee)  and  was  grown  at  30^  in  5%  PTYG  as 
ptevioualy  described  (12).  Negative  controls  in  the  PCR  asaay 

were  done  with  reagent  only  (Le.,  no  added  DNA)  and  a  Wank 

derived  fiom  a  peripheral  piece  of  the  DNA  purification  yt 
that  wu  teitew  through  purification  and  amplification  proce¬ 
dures. 


RESULTS 

One  indication  of  the  effectivenea  of  cell  lysis  procedures  is 
cell  viability.  Therefore,  we  measured  the  cha^  in  viable 
bacteria  (CFU)  before  and  after  bead-mill  homogenization 
and  freeze-thawing  u  an  indicator  of  the  extent  of  iysia.  The 
data  in  Table  1  show  that  the  bead-mill  homogenization  (2% 
survival)  was  more  effective  than  freeze-thawing  (8%  survivai) 
in  reducing  CFU  of  SDS-treated  sediment  bacteria.  The  CFU 
data  only  accnnmed  for  0  J  to  03)04%  of  the  total  miaoacopic 
counts  (Table  1);  therefore,  the  survival  rate  of  bacteria  after 
the  two  cell  lysit  procedures  was  also  tested  with  endoapores  of 
&  subdlis.  Because  of  their  resistance  to  pbyi^  diarnptioa. 
endospores  can  serve  as  a  model  for  other  rrsislant  mkrobial 
structures.  The  ineffectiveoess  of  the  freeze-thaw  procedure  in 
reducing  the  viability  of  a  suspension  of  B.  lufiiiifr  endasposes 
was  strfiting  (94%  survival  [Table  1])  relative  to  the  beadmill 
homogenization,  after  wi^  2%  of  endospores  remained 
viable.  Lack  of  viability  corresponded  to  the  physical  disntp- 
tion  of  cell  walls  after  bead-mill  homogenization  (Fig.  1). 
Pluae-conttast  microsoopy  showed  that  the  phase-dense,  re- 
fractile  spores  were  completely  ruptured  aftm  bead-mill  ho¬ 
mogenization  (^  1).  The  usual  bright  green  fluoreacenoe 
chancteristic  of  DNA  stained  with  acridine  orange  waa  mim¬ 
ing  in  the  ruptured  spores  and,  therefore,  had  bm  released 
into  the  solution. 

To  frirther  confirm  that  the  reduced  viability  (TaUe  1)  and 
ruptured  cells  (Fig.  1)  were  indicative  of  an  extracellular 
release  of  DNA,  we  measured  the  yield  of  DNA  from  03  g  of 
extraoed  and  purified  ^  several  varntioos  of  the 
above  lysis  procedures:  5-mm  bead-mill  homogenization  as 
described  above;  three  freeze-thaw  cydes;  or  5  min  of  bead- 
mill  homogenization  followed  by  three  freeze-thaw  cycles  and 
then  another  5  min  of  bead-mill  homogenization.  Initial  qual- 
iuoive  examination  of  the  yields  from  these  three  ly^  mefoods 
waa  accomplished  via  1%  agarose  gel  electrophoresis  (data  not 
shown).  On  the  basis  of  the  fluorescence  of  intercalated 
ethidium  bromide,  there  was  no  dear  visual  difference  between 
the  two  treatments  that  utilized  bead-mill  homogenizatiem. 
This  suggested  that  bead-mill  homogenization,  alooe,  was  as 
effective  as  a  combination  of  fireeze-thaw  treatment  and  bead- 
mill  homogenizatioa  in  teleaaing  DNA  In  contrast,  the  inten- 
sify  of  the  DNA  band  resulting  from  the  freeze-thaw  treatment 
aim  was  dimmest,  thus  conoborating  the  lower  ^nis  effi¬ 
ciency  of  this  treatment  relative  to  bead-mill  homogenization 
(Table  1).  The  DNA  from  all  three  lyiiB  prepatationa  was  then 
conceairated  with  a  SptoBindcarirkl^  employed  fat  tiiit  study 
to  improve  DNA  recovery  over  ethaiml  predpHation-DNA 
resuapensioo  procedures  used  earlier  (12).  A  portfoo  of  each 
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FIG.  1.  Phaie<pnn«tmiaamph«oiH.iMMIiiM»iMbefai»<A^Riidifter<B)bei>t<iillliOBin«iininiinn.Diiiieii«inniiiitlieii)pjiBrTi|ii«KMwi 
comer  of  each  miciogreph  dewNe  die  diRanoe  bcweea  tlie  croMB  urtinf  die  eadi  of  eeilR  Ban,  S  (A)  and  10  (B)  lun. 


coocentnted  DNA  pnpuatioa  was  next  efecttopfaoicticaUy 
purified  on  a  1%  agaraw  geL  Each  ONA  band  was  excised 
bom  the  gel,  piooeaMd  a  second  time  with  the  SpinBind 
cartridge,  and  visualized  on  an  agarose  gel,  and  then  a  negative 
image  of  each  band  was  scanned  with  a  laser  denshometer  to 
quantify  the  DNA.  Yields  firani  the  bead^nill  honxigeaizatioo 
(alone^  freeze-thaw  treatment  (alone),  and  the  bwo  lysis 
treatments  combined  were  m,S.^  and  lU  mg  of  DNA  *g~* 
of  sediment,  respectivefy.  Thus,  freeze-thaw  treatment,  atone, 
reiemed  ooe^wlf  as  nmch  DNA  as  from  the  two  bead-mill 
homogenization  ueatmema,  whose  DNA  yiekto  were  virtually 
IntHstfaiguishable. 

Microscopic  examination  of  the  sedunent  provided  an  addi¬ 
tional  means  of  assessing  the  response  of  native  mkroorgan- 


isms  to  lytic  procedures.  Because  the  dau  in  Table  1  and  the 
above  DNA  yields  dearly  demonstrated  that  freeze-thawing 
was  a  less  e&ctive  cell  Ij^  method  then  bead-mill  honaage- 
nfaatioo  procedures,  only  the  latter  and  several  variatioos 
(aimed  at  disoetning  the  role  of  SDS  in  the  procedure)  were 
investigated.  TaUe  2  reports  the  total  bacterial  numbers 
(AODC),  approximate  size  distribntion,  and  motpholugical 
dbersify  M  microocganiams  in  sediments  before  and  after  SDS 
treatment,  bead-mill  homogenizatton,  or  both  treei— 
Prior  to  lysis,  the  sediment  sunpie  contained  a  rich  and  varied 
ooilectton  of  both  eukaryotic  and  prokaryotic  oeUs  which 
spanned  a  wide  range  cri  ceil  sizes  (Table  2).  In  general,  the 
various  size  fractioos  diffliniaiied  as  the  severity  of  lytie  proce¬ 
dures  increased.  The  kqr  obeervation  shown  in  Table  2  is  that 
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TABLE  1  Of  be«t-iiuU  homogemauon  and  SDS  treaunem  on  total  bactenai  numoets.  oactenal  size  diauttutioa. 

and  divenicy  in  oif anicaUy  hch  sediinent 


AODC 


AODC 

remsioiaf  (%) 


Appnaiae 
ranpr*  (|un» 


dinMni' 


Untreated 
5-inin  beadniitU 
10.mm  beadnnill 
SDS 

SOS  ■f’  lO-min  bead^U 


3.8(40J)-10’“ 

1.9  (±0.5) -10* 
1.0(±0.2)-10«' 

4.9  (±0.4)- 10* 
12  (±1.6)  •Iff*' 


100 

>10-0.3 

I 

50 

24)-OJ 

m 

26 

24M13 

m 

13 

5.0-03 

n 

6 

13-03 

in 

.c-r  rim  the  SDS  itieeaiwMindiidediBtliebcMmiUhcmimaBaiicnjuiHUiiieicpoited  in  Table  l. 

« of  aiK»-eam«Usln.tl«.«  15  inksoyiylc  id*  obayyl  dudti,  AODC  coiuni^ 
enflaoraamM iauduwttei<oatntt  k  an oiU  IHamantt.  fodi» coco. laraBMis chatm oc 

slSirila  di^  and  sun  oocenid  alii  otfr.  . 

A  teor  of  380  itoiMr  ttan  iba  .Biwaiad  laaido  CFU  d«tenbodi^a»  L 

*  The  AODC  of  tU  ounpls  Ml  ananoHd  by  detenmiuiic  100  munear  «  gma  n 

°*^?fiSor«[  LW  pMWttn’iteSOS-  and  bead.maHieaiad  CFU  dcaoibed  In  Table  L 


bydetenmuiicibeBiiinbarofgicaaaiionaoameelltper  xl.OOOAeldaf  tOiUofa  liSdautedaampto 


approJdmaiely  6%  [2.2  ( ±  1.6)  x  10*  cells  •  g  of  celluto  t^ 
weight  “*I  of  the  baeteria.  mouty  small  coccoid  ceils  tii  the 
sediment,  were  unefiiBnwf  even  by  bead-mill  homogenization 
in  the  presence  of  SDS.  The  small  cells  which  resisted  lysis 
were  observed  by  laser  scanning  epifluoreacence  microscopy 
(Fig.  2).  It  is  important  to  note  that  the  epifluoreacence  images 

are  produced  electtonically  in  black  and  white  by  using  a  green 

analyzer  filter  and  photomultiplier  detector.  Therefore,  the 
degree  of  bfightness  of  an  olqect  in  these  images  was  directly 
related  to  green  fluorescence.  It  is  also  important  to  note  ^ 
the  ratia  of  viable  to  total  counts  (CFU/AODC)  of  the  miginal 
«mpig  was  0.3%  before  treatment  (Table  1).  After  treatment 
with  SDS  and  10  min  of  bead-mill  homogenoation,  the  CFU/ 
AODC  ratio  was  0.07%  (compare  the  data  in  Table  I  and 
Table  2,  footnote  e).  Thus,  the  net  effisct  of  these  combined 
treatments  was  to  lyse  the  larger  cells  that  were  more  likely 
than  the  small  cells  to  grow  on  the  plate  count  medium 
PCR  ampliflcation  irf  ilmliwl  DNA.  In  addition  to 

examining  the  efficacy  of  ceU  lysia  procedures,  this  st^  ato 
purs^  the  goal  of  achieving  a  rapid  overall  procedure  for 
extracting  and  purifying  DNA  from  sediment.  By  scaling  down 
the  total  ««««»■«*  of  sediment  proccMedi  from  i  (12)  to  0.2S  or 
0.5  g,  we  were  able  to  perform  ail  of  the  above  procedures  in 
micxocentrifiige  tubes,  ‘nils,  in  combination  wifo  utilization  of 
SpinBind  units,  shortened  the  total  processing  tune,  from 
crude  sediment  to  purdied  DNA,  to  approxiinately  2  h. 

Many  reports  have  shown  that  toil  and  sediments  contain 
humic  or  other  substances  that  may  remain  assod^  w^ 

extracted  DNA,  thus  |»eventing  its  subsequent  anaiysa  (13, 29, 

33).  To  dywivwiina  if  DNA  yielded  from  sediitant  sanies 
was  pure  enough  to  allow  subsequent  motecular  analysis,  we 

perfrwmed  a  varieqr  of  tests.  The  first  WM  designed  to  ascertain 

the  efiectivenets  of  gel  electrophoresis  in  DNA  purification.  A 
l-fsl  voimne  containing  45  P-  puHda  G7  cells  (determined  by 
plate  counts)  was  added  to  the  PCR  mixture  along  with  2  pJ  of 

sediment-derived  DNA  that  had  twice  been  passed  through  the 

SpinBind  cartridges,  with  and  without  gel  electrophoretic 
purificatioo  in  between  (the  partieolar  sediment  subsample 
used  here  ladmd  ampli&ble  luhR).  After  completion  of  the 

nested  PCR  procedure  on  both  preparations.  fioAN^  ampli¬ 
fied  from  P.  putiia  G7  ceils  only  with  the  electrophoretic 
purifi0tioii  (data  not  shown).  Thus,  we  confirmed  our  previ- 
^  results  (12)  tw^icring  that  the  sediment  omuained  PCR- 
inhibitory  whose  removal  required  a  gei-etectro- 

phmetieporifieatiaastep. 

Prior  work  has  shown  that  sediment  samples  from  a  variety 


of  locations  in  our  coal  tar-contaminated  field  site  contain 
genes  homologous  to  nuhA  (12)  and  nahR  (27).  Using  the 
DNA  isolation  and  purification  protocol  described  here,  we 
repeatedly  examined  the  quality  of  the  DNA  so  obtained. 
Figure  3  shows  the  PCR  produca  that  resulted  from  four 
diffisrent  sediment  samples  from  our  study  site.  PCR 

is  sensitive  both  to  concentrations  of  inbfiittocy  substances  and 
to  the  concentration  of  target  DNA  sequences,  we  ■■»)««*»«< 
directly  after  the  final  elution  from  the  SpinBind  unit  (Rg.  3, 
lanes  1, 3, 5,  and  7)  and  after  a  lO-fbId  dilutioa  (Fig.  3,  Ines  2. 
4, 6,  and  8).  The  DNAs  extracted  from  seep  sedinaiaat  (used  to 
develop  the  protocols  described  in  this  smdy  [F^  3,  lanes  1 
and  2p  and  source  sediment  (Fig.  3,  lanes  7  and  8)  were 
susceptible  to  PCR  amplification  of  the  nahR  gene,  r^ardleas 
of  dilution.  However,  DNA  preparations  from  the  other 
sediinent  samples  displayed  diffier^  responses  to  dilutioo. 
nahR  was  not  amplified  from  the  diluted  upgradiem  sediment 
DNA  (Fig.  3,  lane  4) — possibly  indieming  a  low  titer  of  target 
DNA.  In  contrast,  the  DNA  preparation  from  the  downgiadi- 
ent  sediment  yielded  a  relatively  weak  amplificaiion  band  in 
the  undiluted  sample  Fig.  3,  lane  5)— poas^  huHreting  that 
the  electroptamesis  and  SpinBind  purffication  steps  fisiM  to 
completely  remove  substances  inhibi^  to  the  PCR.  As  an 
additional  negative  control  treatment  in  the  esperftneotvdioae 
results  are  shown  in  Fig.  3,  a  piece  of  the  purificstino  gel  from 
outside  the  DNA  bands  was  carried  through  the  PCR  proce¬ 
dure  and  failed  to  yield  the  amplified  product  (data  not 
shown).  When  additional  subaamples  of  the  jeffiments  used 
(Fig.  3)  were  repeatedly  carried  through  the  DNA  esiraoioit. 
purification,  and  PCR  procedures,  amplificatkm  of  the  nahR 
genes  was  not  always  consistent.  Ibis  inconsistency  was  noted 
previously  in  the  amplification  of  nahAe  from  the  upgredient 
and  downgradient  samples  (11).  The  reason  for  this  variability 
is  uncertain,  but  the  variation  have  been  caused  by 
heterogeneity  inherent  in  the  physicaL  chemicaL  and  mkiobi- 
ological  characteristics  of  field  site-dmrived  sedhnewa 

DISCUSSION 

This  report  has  articulated  the  role  of  ceil  lysis  as  the  first  in 
a  smto  of  procedures  required  for  acfaimdng  eflidaat,  noose- 
lective  access  to  the  getws  in  naturally  occurring  sedhnent 
mienbial  communities.  But,  perhaps  more  hnpaftantty,  we 
ham  presmited  criteria  for  evaluating  the  eSsethwaam  of  the 
lysis  step.  These  criteria  were  lom  of  cell  viability,  total  DNA 
;deid,  a^  microscopic  examination  of  sedimem-derived  cells 
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FIO.  2.  Lam  mmifag  epiftiaraaoHMB  oiicngnipto  of  acridiaa  orufMtataed  aathie  oeiii  io  ■ediniBm  befoio  (A)  and  after  (B)  beadnaili 
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Dimeniaaaa  in  tbe  ttpper  tiiMlniid  oomar  of  each  aakrainph  deaoiB  the  (Umnea  baMoeo  the  eroma  adlMm  to  oelli  or  pantdea^ 


for  total  direct  countt  and  morphotog^  divenity  cfaango.  By  sedfaneiit  was  verifed  by  PCR  amplification  of  a  native  napii* 
all  four  criteria,  beadnnill  homogenization  was  shown  to  be  thalene  catabolic  gene. 

more  efikimu  in  lysing  oeUs  than  £reeze*thawiiig.  Furthermore,  Precedent  has  been  set  for  using  the  behavior  of  an  indicator 

the  quality  of  the  DNA  subsequently  extracted  from  the  mictoorganisai,  often  seeded  into  sediments  prior  to  detrnmht- 
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no.  3.  Amplificuioa  of  imMR  from  four  sediment  sample*  with 
nested  primer  PCR.  For  iaiiei  i.  3,  5.  and  7.  a  2-^1  concMtrtt*^ 
was  used  as  a  if— lof  PCR  an^dificadom  and  for  lanes  2, 

4, 6,  and  8.  a  2-iU  1:10  dilulioa  of  the  same  sample*  waa  uaei  La^ 

1  and  Z  seen  if***iy«*:  3  and  4,  upgiadieat  seduneni;  5  and  6» 
downgiadieiit  7  and  8«  aouioe  sediment;  9,  positive  amtrol 

(pan  of  a  R  putAs  G7  colaaf  added  to  the  PCR  mixtuiel;  10.  PCR 
negative  oonirot  (ceagent  only). 


ing  the  efScieiicy  of  tysii  or  DNA  recovery,  as  a  basis  for 
extrapolating  to  the  behaviar  of  indigenous  cells  (7,  22,  31). 
Similarly,  in  this  study,  viaMe  counts  ot  BadUus  endospores 
and  native  sedimeiu  bacmria  were  examined  as  a  means  for 
testing  ceil  lysis  procedures.  A  consistent  proportion  of  surviv¬ 
ing  cells  (2%)  (TaUe  1)  shared  by  the  |wo  very  different 
microbial  assemblages  (total  sediment  microorganisms  and 
n/triHut  endospores)  provided  initial  encouragement  that 
DNA  released  from  sediment  by  bead-mill  homogenization 
would  be  completely  representative  of  the  sediment  mioobial 
mminunity.  HowevcT,  the  total  Viable  counts  derived  from  the 
sediment  represented  only  0  (prelysis)  (Table  1)  and  0.07% 

(poeciysis)  (Table  2,  footnote  e)  of  the  total  microsoopic  count. 
This  total  microscopic  count  necessarily  included  unknown 
ptoportioiu  of  nonviable  but  intact  ceils  and  both  cultured  and 
uncultured  viable  cells.  Hius,  an  sstoniahinghr  large  compo¬ 
nent  of  the  sediment  micaobial  conmunity  studied  here  ^ 
only  soBotding  to  miciosoopically  discernible 
traits  such  as  cell  size  and  morphology  (Table  i)-  The  SDS, 
bead-mill  homogenization  tremment  disrupted  indigenous 
ceils  in  a  biased  maimer  by  leaving  the  smallest  size  fraction 
(12  to  OJ  pm  long)  (Table  2;  Fig.  2)  intact  Until  this  resistant 
portion  of  the  sediment  miotobial  community  can  lysed 
(perhaps  by  using  smaller  beads  and  additional  chemical  lytic 
agents),  the  ideal  of  accessing  all  of  the  indigenous  genes  will 
be  thwarted.  Furthermore;  it  is  clearly  unwise  to  use  added 
indicator  mictootganisnis,  or  even  viable  indigenous  cells  ss  a 
basis  for  drawing  inteences  about  the  susceptibility  of  the 
uncultured  micnAial  communiqr  to  cell  lysis  procedures. 

Despite  the  foct  thm  SDS,  bead-mill  homogenization  failed 
to  disrupt  small  cells  native  to  the  sediment,  it  is  appropriate  to 
use  the  data  presented  here  to  estiinate  total  sediment  DNA 
and  the  overall  efideaqr  of  die  extrKtion  procedure.  If  we 
presume  that  prokaryoms  were  the  predominant  reservoir  of 
DNA  and  that  each  of  the  3.8*l(r  prokuyotic 
cells ’g  of  cellular  dry  weight"*  contained  a  single  stationaty- 
phaae  genome  weighing  S  *  10"  g  (based  on  dM  for  Esche¬ 
richia  coU  (38D,  then  1  g  (dry  weight)  of  the  sediment 
contained  19  |ig  of  DNA.  This  value  agrees  reasonably  weU 
with  the  total  sediment  DNA  estimated  by  Ogram  et  aL  (20) 
(27  (ig  *  g  of  cellular  dry  wetght"  *)  and  with  the  ranges  of  total 
soil  DNA  (20  to  SO  i*g  •  g  of  cellular  dry  weight"  *)  repmted  by 

Picard  et  ai.  (22),  Selmiska  and  KUngmOller  (26),  and  Steffsn 
and  et  aL  (28^  Facttn  contributing  to  variabiliqr  in  total  DNA 
cstiinatea  include  those  imposed  1^  different  extraction  meth¬ 


odologies.  as  well  as  microbiological  idiosyncrasies  of  particu¬ 
lar  samples  stemming  from  physiological  influences  such  as  soil 
or  sediment  type,  climate,  and  the  content  of  water,  oxygen, 
and  organic  matter,  etc.  The  DNA  yielded  when  SDS.  bead- 
mill  homogenization  was  combined  with  the  extraction  proto¬ 
col  described  here  (11.8  ug'g  of  cellular  dry  weight"') 
represents  62%  of  the  19  pg  of  total  theoretical  DNA.  Ma^  of 
the  assumptions  contributing  to  this  efScieiiqr  figure  ate  un¬ 
certain:  nonetheless,  this  estimated  yield  is  high,  it 

is  perhaps  remarkably  high  in  light  of  the  fact  that  much  the 
DNA  from  the  1.2-  to  OJ-pm-lofig  cell  fraction  was  not 
released  (Table  2)  and  that  the  steps  subsequent  to  cell  lysis 
(especially  separation  of  the  DNA  from  sethmem  partides) 
were  not  carefriUy  scrutinized.  Only  after  each  step  has  bm 
thoroughly  examined  and  optiinized  can  DNA  extraction  bi¬ 
ases  be  reduced  and  efficiency  be  increased.  It  should  be  noted 
that  even  if  an  extraction  effide^  of  99.9%  were  achieved, 
with  10*  cells  per  g  this  would  still  leave  10*  organisms  per  g 
unsampled.  Thus,  even  when  the  lysis  efBdenqr  is  rel^vely 
high,  minor  members  of  the  community  may  remain  intact  and, 
consequently,  their  DNA  may  escape  (fotectkm.  Although 
there  is  no  clear  solution  to  this  dilemma,  we  feel  that 
continued  striving  towards  the  combination  of  ynhtfM  ge¬ 
nome  sampimg  and  enhanced  sensitivity  afforded  by  PCR  may 
partially  mitigate  such  detection  limit  problems. 

PCR  detection  of  genes  native  to  sediment  requites  that  the 
ratio  of  target  sequence  be  high  relative  to  accompairying 
sediment-derived  materials  that  may  inhibit  the  denatiiration, 
annealing,  and  DNA  synthesis  stages  of  PCR  (29,  32, 33).  In 
this  regard  optimal  sensitivity  for  amplifying  native  genes  can 
onfy  be  achieved  by  separating  the  DNA  from  inhibitory 
substances.  Recently,  Abbaazadegan  et  a).  (1)  have  shown  that 
Seffliadex  C-100  and  Chelex  100  resiiis  successfrilly  removed 
PCR-inhibiti^  substances  from  groundwater  concentrates. 
Perhaps  ironkadly,  nontarget  DNA  itself  has  also  recently  been 
shown  to  mask  the  PCR  amplification  of  target  sequences  in 
low  abundance  (29).  This  stu^  has  confirmed  that  purification 
of  DNA  extracts  is  required  for  successful  PCR  amplification 
of  indigenous  genes  (nahE).  But  even  in  such  purpcvsedly  pure 
DNA  preparations,  lack  of  amplification  in  undluted  DNA 
extraa  (Hg.  3)  suggested  that  inhibhory  substances  still  re¬ 
mained  in  the  mixture.  The  need  to  dilute  DNA  extracts  prior 
to  PCR  amplification  has  been  reported  earlier  fix'  electro¬ 
phoretic  purification  of  DNA  extracted  from  enviromnental 
samples  (7, 22, 33),  and  it  is  the  simuitaneous  dilutioa  of  the 
target  sequence  thru  may  ultimately  limit  the  sensitivity  of  the 
method. 

Scale  and  its  equivalent,  sample  size,  are  other  issues  to  be 
considered  in  perfiinning  and  interpreting  eigierimeiits  exam¬ 
ining  molecular  diaracteristict  of  naturally  oocuning  mknbial 
communities.  The  small-scale  (0.5  g)  processing  of  sediment 
reported  here  substantially  diminished  the  logiatical  and  time 
constraints  on  DNA  extraction.  But  fodle  processing  of  small 
samples  raises  questions  about  how  accurately  such  small 
samples  represent  microbial  communities  as  they  occur  in  the 
landscape.  Not  enough  a  known  about  the  cfaentical,  pIquicaL 
and  mioobioiogical  spatial  heterogeneity  of  soils  (21)  and 
smfiments  to  allow  data  from  03-g  samples  to  be  the  ba^  for 
extrapolation  to  larger  (Le.,  Idlogtam)  or  vny  large  (Le^ 
landscape)  scales.  Moreover,  the  ampUfiabilily  of  genes 
present  in  0.S-g  samples  undoubtedly  reflects  the  variable 
spatial  distribution  of  both  the  target  DNA  sequence  and 
sediment-derived  substances  that  inltibit  PCR  (see  the  discus- 
skm  above).  Because  these  determinants  for  suoceasftil  gene 
ampliation  aiay  vary  independently,  interpreting  the  rmults 
of  such  assays  may  prove  challenging. 
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Recemty,  Erfo  and  Wa^r  (7)  used  DNA  extracuon  and 
PCR  ampiificatkm  tediiiiquea  to  obtain  a  poiycfalormated 
biphenyl  catabolic  gene  directly  from  a  German  freshwater 
sediment.  A  comparison  of  restriction  digests  miied  to  detect 
any  divergence  iMtween  a  sediment-derived  bphABC  gene 
fra^ent  and  that  of  the  type  strain.  Pseudomonas  sp.  stram 
LB400  (7).  In  contrast,  by  hybridizing  DNA  extracted  from 
soib  with  a  variety  of  gene  probes  Holben  et  al.  (14)  have 
recently  demonstrated  that  the  genetic  basis  in  soil  microbial 
communities  for  2,4-dichkiioptenoxyacetic  add  catabolism 
was  broader  than  that  of  plasmid  plPA.  Similarly,  we  reported 
cignifirawt  restncdon  fragment  lenjph  polymorphism  relative 
to  P.  pudda  G7  in  the  nakAe  genes  in  DNA  extracted  from  the 
same  coal  tar-contaminated  field  site  examined  here  (12).  In 
order  to  learn  more  about  the  distribution  of  related  naphtha¬ 
lene  catabolic  gene  setpiences.  procedures  in  this  study  utilized 
a  different,  nested  set  of  oligonucleotide  primers,  spedfically 
designed  to  amplify  an  82S-bp  fragment  of  the  nahR  gene  (27. 
39).  nakR  is  a  mendier  of  the  fysR  family  of  reguiatoiy  genes 
that  are  widely  distributed  among  gram-negative  bacteria  (2S). 
Detection  of  nahR  in  the  DNA  extracted  from  the  sediment 
provides  two  types  of  infbimation.  First  amplification  of  this 
gene  allowed  ^e  qualify  of  sediment-derived  DNA  to  be 
evaluated.  Because  PCR  amplification  was  ptMsible.  we  con¬ 
cluded  that  the  rapid  extraction  and  purification  procedures 
developed  in  this  investigatioa  were  successful  But  perhaps 
more  interestiiigiy,  detectiogmifr/f  in  DNA  extracted  from  this 
field  study  site  lends  addhinnai  momentum  to  ecologicai 
inquiries  which  utilize  DNA  sequence  information  from  pure 
culture-derived  functional  genes  to  explore  gene  distribution 
and  variation  in  nature. 
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